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SYNOPSIS

Ongoing surveillance after pneumococcal conjugate vac-
cination (PCV) deployment is essential to inform policy
decisions and monitor serotype replacement. We report
serotype and disease severity trends in 3,719 adults hos-
pitalized for pneumococcal disease in Bristol and Bath,
United Kingdom, during 2006—2022. Of those cases,
1,686 were invasive pneumococcal disease (IPD); 1,501
(89.0%) had a known serotype. IPD decreased during
the early COVID-19 pandemic but during 2022 gradu-
ally returned to prepandemic levels. Disease severity
changed throughout this period: CURB65 severity scores
and inpatient deaths decreased and ICU admissions in-
creased. PCV7 and PCV13 serotype IPD decreased from
2006-2009 to 2021-2022. However, residual PCV13 se-
rotype IPD remained, representing 21.7% of 2021-2022
cases, indicating that major adult PCV serotype disease
still occurs despite 17 years of pediatric PCV use. Per-
centages of serotype 3 and 8 IPD increased, and 19F
and 19A reemerged. In 2020-2022, a total of 68.2% IPD
cases were potentially covered by PCV20.

treptococcus pneumoniae remains the leading bac-

terial cause of community-acquired pneumonia,
despite widespread use of effective pneumococcal
vaccines with >100 recognized pneumococcal sero-
types. In the United Kingdom, unconjugated 23-va-
lent pneumococcal polysaccharide vaccine (PPV23)
is offered to all adults >65 years of age and persons
>2 years of age who are at increased risk for pneu-
mococcal disease. In September 2006, a 7-valent
pneumococcal conjugate vaccine (PCV7) was im-
plemented into the national childhood immuniza-
tion program, then replaced with a 13-valent PCV
(PCV13) in April 2010. The PCVs were given at a 2
+ 1 schedule but replaced with a 1 + 1 schedule in
April 2020 (1). Because PCVs prevent carriage ac-
quisition in addition to protection against disease,
both PCVs had a large and major direct and indirect
(herd) effect on pneumococcal disease caused by the
respective serotypes (2-4).

By 2016-2017, PCV7 pneumococcal serotype
disease had virtually disappeared in children and
decreased to a large degree in adults. Invasive pneu-
mococcal disease (IPD) caused by PCV13 serotypes
has also decreased substantially but subsequently
plateaued, with a residual incidence of 8 IPD cas-
es/100,000 population in England (5-7). At the same
time, pneumococcal cases caused by non-PCV13 se-
rotypes increased across all age groups, especially
in older adults, resulting in no net reduction in total
IPD cases in older adults in 2016-2017 compared with
the pre-PCV13 period, a phenomenon known as se-
rotype replacement (5-7). Monitoring those effects
nationally is vital for planning of healthcare use and

1954

developing new preventive strategies, including use
of higher-valent pneumococcal vaccines (8,9).

The effect of serotype replacement has not been
reported in the United States; data suggest that the in-
cidence on nonvaccine serotype disease has remained
stable, in both children and older adults (10). Clari-
fication of the reasons for differences seen in studies
from the United States and United Kingdom is need-
ed because serotype replacement is a threat to the
effectiveness of current vaccine programs, and PCV
scheduling remains a policy decision area. It remains
unclear why such differences occur; however, several
factors might be involved, such as methods differ-
ences in surveillance approaches, exposure to pneu-
mococcal transmission, risk factor profiles between
patient populations, and serotype interactions (11).
Small differences in carriage prevalence and clonal
lineages might result in greatly different rates of IPD
because serotype-specific invasiveness varies by or-
ders of magnitude.

In England, the UK Health Security Agency con-
ducts national IPD surveillance, which includes limit-
ed data on noninvasive pneumococcal disease, clinical
phenotype, and disease severity (5-7). Evidence from
a large pneumococcal pneumonia cohort in Notting-
ham, UK, suggests there are relatively few differences
between patients with PCV13 and non-PCV13 sero-
type respiratory infections (12). Nevertheless, chang-
ing serotype distribution could result in changes in
pneumococcal disease phenotypes, which might have
implications for use of available polyvalent serotype-
specific pneumococcal vaccines. Furthermore, the
COVID-19 pandemic has disrupted the epidemiology
of multiple respiratory infections (13,14) and provid-
ed new insights into virus-bacteria-host interactions.
Many countries, including the United Kingdom, im-
plemented measures such as social distancing and
school closures that were intended to decrease SARS-
CoV-2 transmission and alleviate pressure on health-
care services (15). Those measures reduced the trans-
mission of other respiratory pathogens (14), but it is
unclear to what extent they disrupted pneumococcal
transmission (16,17). The measures might also have
caused changes in serotype distribution of pneumo-
coccal infection and disease.

In this retrospective cohort study conducted at 3
large National Health Service (NHS) hospitals, which
represent all secondary care provision within a de-
fined geographic area, we examined trends in pneu-
mococcal serotype distribution in adults after PCV7
and PCV13 implementation into the childhood im-
munization program and the effect of the COVID-19
pandemic over the first 3 years. We report confirmed

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023



pneumococcal disease incidence during 2006-2022,
both overall and by vaccine serotypes, and assess
trends in severity of pneumococcal disease in hospi-
talized adults.

Materials and Methods

Study Design

This study was approved by the UK Health Research
Authority (IRAS 265437). We conducted a retrospec-
tive cohort study including all patients >16 years of
age who were admitted to any of three large UK NHS
hospitals in southwest England: University Hospi-
tals Bristol and Weston, North Bristol, and The Royal
United Hospital (Bath) NHS Trusts. The study cov-
ered the period January 1, 2006-December 31, 2022,
and included patients who had a confirmed micro-
biologic diagnosis of pneumococcal infection. Those
hospitals provide all secondary care within a defined
geographic area with 100,000 unplanned adult admis-
sions annually, including the regional cardiothoracic,
pleural, respiratory specialist, and general medical
and respiratory services.

We identified eligible cases retrospectively by
searching the Laboratory Information Management
System database (Clinisys WinPath Enterprise). We
confirmed identification of S. pneumoniae by using cul-
ture or PCR from a sterile site at a central laboratory
by using standard microbiologic techniques. Culture
was confirmed by using API-20 Strep (bioMérieux) or
matrix-assisted laser desorption/ionization time-of-
flight) mass spectrometry (Bruker). A positive result
on pneumococcal urinary antigen test (UAT) (Binax)
was also considered confirmation of pneumococcal
infection. Patients were included if they tested posi-
tive on any or all tests.

We linked confirmed cases with the UK Health
Security Agency (UKHSA) national reference labora-
tory database to obtain serotype data, which we col-
lected at the end of the study to avoid risk for bias in
clinical data collection. We reviewed clinical records
at each hospital and recorded data in a standardized
manner, including laboratory and radiologic investi-
gations. We recorded patient observations within 24
hours of when care was sought for a pneumococcal
infection, and established vaccination status by us-
ing electronically linked general practitioner records.
We calculated the CURB65 severity score (confusion,
blood urea nitrogen, respiratory rate, blood pres-
sure, and age >65 years) (https:/ /www.mdcalc.com/
calc/324/curb-65-score-pneumonia-severity) at ad-
mission for each clinical episode and recorded clini-
cal outcomes, including length of hospitalization and

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023
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intensive care unit (ICU) admission. We determined
inpatient death (i.e., patient death before discharge)
through review of the medical records and used it as
a marker of case-fatality. All adult patients were man-
aged at the discretion of the admitting clinical team.

Case Definitions

Total pneumococcal disease included all positive
cases, whether identified by sterile site culture/PCR
or positive UAT result with clinical confirmation of
sterile site infection (i.e., IPD) or noninvasive pneu-
mococcal disease (positive UAT result only). Total
cases where the serotype was identified are referred
to as serotype-known disease: pneumococcal sero-
types were further grouped by vaccine serotypes:
PCV7, PCV13-7 (PCV 13 minus PCV7 serotypes,
PCV15-13, PCV20-15, PCV20-13, and serotypes not
contained in a PCV (non-PCV) (Appendix, https://
wwwnc.cde.gov/EID/article/29/10/23-0519-App1.
pdf). The primary infection site was derived from
the managing clinician’s diagnosis. Respiratory in-
fection included both consolidative infection (i.e.,
pneumonia) according to British Thoracic Society/
National Institute for Health and Care Excellence
(BTS/NICE) guidelines (18) and nonpneumonic
lower respiratory tract infection.

Statistical Analysis

Data are reported as medians and interquartile rang-
es for continuous variables or means and SDs where
the distributions were confirmed to be normal by us-
ing the Anderson Darling normality test. Categorical
variables are presented as counts and percentages.
We calculated multinomial Cls by using the Wil-
son score interval method for binomial percentages
(19), which we tested on simulated data and found
to be well calibrated for this problem. We compared
baseline characteristics by using the Fisher exact test
for categorical variables, the 2-sample Kolmogorov-
Smirnov test for nonparametric continuous variables,
the Wilcoxon rank-sum test for score variables, or the
2-sided Student t-test for parametric continuous vari-
ables. There were minimal missing data, and only for
categorical variables. When these data were present,
they were included as a separate category before sta-
tistical testing.

We performed multinomial time series analysis
by fitting a single-hidden-layer neural network and
using the nnet package (20) in R (The R Foundation
for Statistical Research) with a time-varying natural
spline term for class probabilities and a knot point
for each class every 2 years. We performed binomial
time series analysis by using a maximum-likelihood

1955
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approach with local polynomial regression and
a logistic link function assuming that the count of
positive and negative results are a quasi-binomially
distributed quantity in the R package locfit accord-
ing to the methods of Loader (21) with a bandwidth
equivalent to 2 years” worth of data and a polyno-
mial of degree 2.

We obtained yearly estimates for the >16 years
of age population of clinical commissioning groups
of NHS Bath and North East Somerset and NHS
Bristol, North Somerset, and South Gloucestershire
regions from NHS Digital. We interpolated yearly
point estimates to daily estimates by using a local
polynomial regression and estimated pneumococ-
cal disease incidence as the rate of monthly admis-
sion counts by using a local polynomial regression
assuming a quasi-Poisson distribution, logarith-
mic link function, and the methods of Loader (21).
We expressed admission rates as disease cases per
1,000 person-years by using interpolated popula-
tion estimates. We performed all analyses by using
R version 4.2.

Results

During 2006-2022, we identified 3,719 adults (me-
dian age 66.1 years, interquartile range 50.2-78.9
years) who had pneumococcal disease. Of those per-
sons, 1,840 (49.5%) were male, 1,879 (50.5%) were fe-
male, 1,621 (43.6%) had positive blood cultures, 2,379
(64.0%) were UAT positive, and 15 (0.4%) were PCR
positive. Among the cases, 1,686 (45.3%) were IPD
and 2,033 (54.7%) were non-IPD. Respiratory infec-
tion accounted for 92.3% (3,436/3,719) of all cases of
pneumococcal disease, 84.2% of IPD, and 99.2% of
noninvasive pneumococcal disease (Table 1). Pneu-
mococcal serotype was available for 1,501 (40%) cas-
es. The demographics and clinical characteristics of
patients with known-serotype pneumococcal disease
were similar to those with unknown serotype infec-
tion (Appendix).

The incidence of IPD among hospitalized adults
showed a slight upward trend during 2006-late
2019 (Figure 1, panel A). During the early part of the
COVID-19 pandemic in 2020, pneumococcal disease
incidence suddenly decreased. However, during

Table 1. Characteristics of patients hospitalized with confirmed pneumococcal infection, Bristol, UK, 2006—2022*

Characteristic Invasive disease, n = 1,686  Noninvasive disease, n = 2,033 p value
Age, y, median (IQR) 65.9 (50.8-79) 66.3 (50-78.8) 0.74
Sex
M 847 (50.2) 993 (48.8) 0.41
F 839 (49.8) 1,040 (51.2)
Serotype status
Serotype identified 1,501 (89.0) 0 <0.001
No serotype 185 (11.0) 2,033 (100.0)
Smoker
Nonsmoker 495 (29.4) 597 (29.4) 0.95
Ex-smoker 680 (40.3) 829 (40.8)
Current smoker 511 (30.3) 607 (29.9)
Charlson Comorbidity Index, median (IQR) 4 (1-6) 4 (1-6) 0.31
Test type
Blood culture only 1,325 (78.6) 0 (0) <0.001
UAT only 51 (3.0) 2,033 (100.0)
Blood culture and UAT 295 (17.5) 0
CSF PCR 8 (0.5) 0
Blood PCR 7 (0.4) 0
Infection site
Lung 1,419 (84.2) 2,017 (99.2) <0.001
Meningitis 172 (10.2) 0
Septic arthritis 36 (2.1) 0
ENT 15 (0.9) 2(0.1)
Other 44 (2.6) 14 (0.7)
PPV23 vaccination, time before illness
None 967 (57.4) 1,171 (57.6) 0.99
<6 mo 60 (3.6) 72 (3.5)
>6 mo 659 (39.1) 789 (38.8)
Missing 0 1(0)
Noninvasive ventilation 39 (2.3) 103 (5.1) <0.001
Intubation 236 (14.0) 234 (11.5) 0.026
Inpatient deatht 255 (15.1) 253 (12.4) 0.019

*Values are no. (%) except as indicated. Significance was determined by using the Fisher exact test for categorical variables, the 2-sample Kolmogorov-
Smirnov test (continuous variables), and the 2-sample Wilcoxon rank-sum test (continuous variables). Normality of distributions determined by using the
Anderson-Darling normality test. CSF, cerebrospinal fluid; ENT, ear, nose, and throat; IQR, interquartile range; PPV23, 23-valent pneumococcal

polysaccharide vaccine; UAT, urine antigen test.

tDetermined though review of medical records (i.e., death before discharge from hospital).
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Figure 1. Distribution of pneumococcal serotypes in hospitalized patients, Bristol and Bath, UK, 2006—2022. A) Incidence of blood culture—
positive pneumococcal disease. Data shown include only invasive disease; for comparison with noninvasive disease, see the Appendix
(https://wwwnc.cdc.gov/ElD/article/29/10/23-0519-App1.pdf). Black dots indicate monthly observations, black line indicates a binomial
time series model, and gray shading indicate 95% Cls. Population estimates are provided in the Appendix. B) Multinomial percentage of

pneumococcal serotypes in the invasive pneumococcal disease population with known serotype. Green bars indicate 7-valent PCV (PCV7)
serotypes; orange, PCV13—7 (PCV13 minus PCV7 serotypes); purple, PCV15-13; pink, PCV20-15; gray, serotypes not contained in PCV
vaccines. Individual serotypes are shown in the legend on the panel. C) Testing rates for blood cultures with respect to acute admissions
and BinaxNOW (https://www.abbott.com) tests with respect to acute respiratory admissions. Estimates are presented at the midyear time
point, relative to the data they represent. For all panels, vertical lines indicate introduction of PCV7 (solid black), PCV13 (2 + 1 schedule)
(thin black dashed line), PCV13 (1 + 1 schedule) (thick black dashed line) into the UK childhood vaccination program and the beginning of

large hospital admissions in Bristol caused by SARS-CoV-2 (solid gray). PCV, pneumococcal conjugate vaccine.

2022, incidence gradually increased so that by De-
cember 2022 it had returned to a level similar to that
observed before the COVID-19 pandemic (Figure 1,
panel A). Noninvasive pneumococcal disease showed
a broadly similar pattern but is harder to interpret be-
cause of changing BinaxNOW testing patterns over
the study period (Figure 1, panel C; Appendix Fig-
ures 3, 4). PCV7 serotype disease decreased from
29.4% (95% CI 24.1%-35.4%) in 2006-2009 to 7.0%
(95% CI 3.7%-12.7%) of serotype-known disease in
2021-2022, and PCV7-serotypes caused minimal dis-
ease from mid-2017 until their re-emergence during
the COVID-19 pandemic. PCV13-7 disease represent-
ed 34.3% (95% CI 28.6%-40.4%) of serotype-known
disease in 2006-2009, decreased slightly to 29.3%
(95% CI 25.6%-33.3%) by 2010-2015, and continued
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to decrease to 21.7% (95% CI 15.5%-29.6%) in 2021-
2022, with serotypes 1, 3, and 19A persisting. In con-
trast, the percentage of PCV20-13 and non-PCV sero-
type disease increased during this period (Figure 1,
panel B).

Although blood culture testing rates remained
stable over time, there were changes in UAT test-
ing rates. The decreased pneumococcal disease
incidence observed during the COVID-19 pan-
demic occurred without an equivalent decrease in
BinaxNOW and blood culture testing over the same
time period (Figure 1, panel C). After SARS-CoV-2
emergence, the most commonly identified serotypes
were 3, 8, 9N, 19F, 19A and 22F (Figure 2, panels
A, B). In 2022, 6.2% (95% CI 3.2%-11.8%) of disease
was attributable to PCV15-13, 33.3% (95% CI 25.8 %~

1957



SYNOPSIS

Figure 2. Distribution of pneumococcal serotypes in hospitalized patients after emergence of SARS-CoV-2. A, B) Proportion of
pneumococcal disease attributable to each serotype (A) and PCV vaccine group (B) from 129 case-patients in Bristol, UK, hospitalized
during January 1, 2021-December 31, 2022. C) Binomial (one versus others) time series models showing the percentage of disease
during January 2006—-December 2022 attributable to each of the 6 most common pneumococcal serotypes. Solid lines indicate
smoothed point estimates; error bars/shaded areas indicate 95% Cls. The 95% Cls in panels A and B do not coincide exactly with those
in panel C because they represent different length time periods and use different models. Additional data and time points are available in
Table 2 (https://wwwnc.cdc.gov/ElD/article/29/10/23-0519-T2.htm). PCV, pneumococcal conjugate vaccine.

41.8%) to PCV20-15, and 31.8% (95% CI 24.4%-
40.2%) to non-PCV serotypes; a major percentage
of disease arose from serotypes in current PCVs
(Figure 2). Among known-serotype cases, PCV7 se-
rotypes represented 7.0% (95% CI 3.7%-12.7%) and
PCV13-7 serotypes 21.7% (95% CI 15.5%-29.6%)
of cases (Table 2, https://wwwnc.cdc.gov/EID/
article/29/10/23-0519-T2.htm). Overall, the percent-
age of disease caused by 19F, 19A, and 22F remained
relatively stable throughout the study, and an ex-
pansion of serotypes 3 and 8 disease occurred, along
with a slight increase in serotype 9N (Figure 2,
panel C).

1958

Before the emergence of SARS-CoV-2, the age
of patients admitted with IPD increased over time
(Figure 3, panel A) and disease severity decreased,
as shown by the average CURB65 severity scores at
admission (Figure 3, panel B). ICU admission rates
increased in earlier years and then plateaued, inpa-
tient deaths decreased, and length of hospital admis-
sion remained broadly stable (Figure 3, panels C-E).
Those trends were disrupted during the early stages
of the SARS-CoV-2 pandemic and largely reverted
to their previous trajectories in 2021-2022. The per-
centage of patients 45-55 years of age trended up-
wards compared with the prepandemic period, and
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the percentage of IPD case-patients requiring ICU
admission also increased, but those trends were
based on small numbers. We could not account for
the increase in ICU admissions seen after SARS-
CoV-2 emergence through change in bed availability
or clinical care pathways.

Serotypes and Severity in S. pneumoniae Infection

Discussion

This study examining hospitalized adults with pneu-
mococcal disease in Bristol and Bath, UK, encompass-
es 17 years of PCV implementation into the UK child-
hood vaccination program and includes 3 years of
the COVID-19 pandemic. Although the percentage of

Figure 3. Severity of manifestations and outcome of invasive pneumococcal disease in hospitalized adults over time, Bristol, UK. A)
Age categories; B) CURBG65 scores; C) ICU admissions; D) inpatient deaths; E) length of stay in a hospital. For panels A, B, and E,
categories are shown in the legend adjacent to each panel. The solid line in the multinomial time series models shown in panels C and
D indicates binomial time series models; gray areas indicate 95% Cls. Across all panels, vertical lines indicate dates of 7-valent PCV
(PCVT7) (solid black) and PCV13 2 + 1 (thin black dashed line) and 1 + 1 (thick dash blacked line) schedule vaccine introduction and
SARS-CoV-2 emergence (solid gray). Results for noninvasive pneumococcal disease are shown in the Appendix (https://wwwnc.cdc.
gov/ElD/article/29/10/23-0519-App1.pdf). ICU, intensive care unit; PCV, pneumococcal conjugate vaccine.
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IPD caused by PCV serotypes has decreased across all
age groups, a major fraction of adult pneumococcal
disease is still caused by PCV7 (7.0% [95% CI 3.7 %-
12.7%]) and PCV13-7 (21.7% [95% CI 15.5%-29.6%])
serotypes (5,22). In addition, the percentage of adult
disease caused by those serotypes has increased since
COVID-19 pandemic restrictions began in March
2020, which also coincided with a change in the UK
childhood immunization schedule from 3 doses to 2
doses of PCV13 since April 2020. The persistence of
PCV13 serotype and PCV7 serotype disease in adults
in this study occurred in the context of a longstand-
ing, high-coverage national childhood vaccination
program. This persistence suggests that, although
giving PCVs to most children has had some indirect
effects, those effects do not completely protect adults
from PCV serotype disease.

The persistence of some PCV13 serotypes is con-
cerning because they are associated with more severe
disease and deaths in adults. In addition, we have
observed large increases in the percentage of non-
PCV13 serotype disease since PCV13 implementa-
tion, consistent with national surveillance throughout
the UK and Europe (5-7,12,22). During 2016-2019,
non-PCV13 serotypes caused 78.8% (95% CI 75.2%-
82.1%) of cases among persons who had identified se-
rotypes; during 2021-2022 that percentage was 71.3%
(95% CI 63.0%-78.4%). During 2021-2022, PCV20-13
serotypes accounted for 39.5% (95% CI 31.5%-48.2%)
of adult disease with identified serotypes.

Despite indirect effects operating to some degree,
PCV serotypes continue to cause adult disease that
is severe enough to require hospital admission. Al-
though PCV7 serotypes remain rare causes of adult
pneumococcal disease, serotype 19F has reemerged.
We found that most residual PCV serotype disease is
caused by PCV13-7 serotypes, especially serotypes 3
and 19A, observations that are consistent with other
reports (5,7,12,22). The continued circulation of sero-
type 3, especially after the pandemic restrictions were
lifted, is critical because this serotype is associated
with more severe disease, especially in older adults.
Ongoing circulation might, in part, be caused by
clade II expansion after a clade distribution shift (23).
Serotype 19A is also of concern because it has previ-
ously been associated with high antimicrobial drug
resistance rates in some countries (24).

Indirect effects of PCVs are believed to occur by
reduction in nasopharyngeal carriage and density of
vaccine serotypes in vaccinated children, which inter-
rupts transmission to both vaccinated and unvacci-
nated contacts (2-4). Generally, sustained high PCV
coverage in children is assumed to result in reliable
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indirect effects in adults: the UK 1 + 1 PCV13 child-
hood immunization schedule relies, to a degree, on
those indirect effects to protect infants who only re-
ceive 1 priming PCV dose before their 1-year booster
(25). However, we cannot explain the recent percent-
age increase in PCV13 serotype disease we observed
by decreasing pediatric PCV vaccination rates. In the
United Kingdom, vaccination is offered free of charge
and is associated with high uptake; PCV uptake was
>90% for the first dose by 12 months of age and >94%
for the second dose by 24 months of age in southwest-
ern England in 2021-2022 (26).

A concerning finding is the high percentage
of cases that are not vaccine preventable: during
2016-19, PCV20-13 and non-PCV serotypes repre-
sented 53.0% (95% CI 48.8%-57.2%) and 25.8% (95%
CI 22.3%-29.7%) of cases, respectively; in 2021-2022,
those percentages of 39.5% (95% CI 31.5%-48.2%) and
31.8% (95% CI24.49%-40.2%). In 2021-22, PCV15 sero-
types represented 34.9% (95% CI27.2%-43.4%) of IPD
cases, PCV20 serotypes 68.2% (95% CI 59.8%-75.6%)
and non-PCV serotypes 31.8% (95% Cl 24.4%-40.2%).
Although serotype replacement has been observed
in Europe and serotype distribution change in the
United States (5-7,21,27,28), reports from the United
States describe consistently stable rates of non-PCV13
serotype IPD after childhood PCV13 introduction
(29). Serotype replacement might occur through ex-
pansion of non-PCV strains or capsular switching of
previously vaccine-preventable strains, in which re-
combination at the capsular gene locus results in sero-
type change (30). In concordance with other studies,
we found serotype 8 disease increasing, along with
23A and 9N (5,7,12).

We observed a disproportionate decrease
in pneumococcal disease incidence early in the
COVID-19 pandemic, without a concomitant decrease
in BinaxNOW and blood culture testing rates. This
finding might have been caused by reduced circula-
tion and transmission of many respiratory pathogens,
including pneumococcus, because of social distanc-
ing policies (13,14,16) breaking transmission chains
and affecting host-pathogen-pathogen interactions,
so that severe pneumococcal infection became less
common. Preceding viral infection is a major risk
factor for pneumonia, and the relationships between
influenza and respiratory syncytial virus and pneu-
mococcus are well described (31,32). Pneumococ-
cus might also modulate host immune responses to
SARS-CoV-2 (33). Prospective surveillance found that
Europe experienced major and sustained reductions
in invasive disease caused by pneumococcus, Hae-
mophilus influenzae, and Neisseria meningitidis in early
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2020 (34). Our study confirms that reduced testing
practices in hospitals do not explain such reductions.

However, changes in healthcare use might ex-
plain the incidence decreases that occurred. For exam-
ple, susceptible patients had fewer admissions to sec-
ondary care during the pandemic (35). An increased
admission threshold or avoidance of secondary care
would increase community-level management of
cases and reduce case-patients who have pneumococ-
cal disease seeking treatment and consequently being
diagnosed in hospitals. Because fewer investigations
are performed in community-level care, such cases
would be missed by surveillance that is reliant on mi-
crobiologic testing.

By combining microbiologic results with clini-
cal data, we are able to report on both disease epi-
demiology and severity over time. We found some
evidence of more severe disease, especially after
SARS-CoV-2 emergence. The observed disruption to
the broadly stable previous trends in disease severity
during the early part of the SARS-CoV-2 pandemic
might be a result of observation bias, a consequence
of the pandemic, or both. Although ICU admission
rates increased for pneumococcal disease, admission
CURB65 severity scores were lower, consistent with
the 2018 BTS national pneumonia audit, which also
reported decreased admission CURB65 scores (36).
This apparent discrepancy might be explained by
changes in patients or their treatment (e.g., older pa-
tients with more severe disease might be less likely
to receive ICU care than younger patients because
of clinical prognostic decision making). Other recent
changes in treatment, such as increased availability
of positive pressure support or earlier antimicrobial
drug administration, might also have changed pa-
tient courses and outcomes, including severity and
death. Major changes in pneumococcal infection
severity have occurred since 2020, including an in-
creased percentage of adults 45-55 years of age who
required hospital treatment. The recent increase in
cases is probably related to relaxation of COVID-19
restrictions. Recent studies highlight the critical role
of respiratory viruses (e.g., respiratory syncytial vi-
rus, human metapneumovirus, influenza virus) in
contributing to pneumococcal disease (17). Large,
out-of-season viral outbreaks that occurred after eas-
ing of COVID-19 restrictions (37) are therefore likely
to have contributed to the increasing pneumococcal
disease rates we report in this study, which will need
careful surveillance in future years. Independent of
changes in clinical practice, serotype distribution
changes might affect patient outcomes and healthcare
use as invasive potential varies by serotype.
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By combining microbiologic results with clinical
data, we are able to report on both disease epidemiol-
ogy and severity over time. We found some evidence
of more severe disease especially after SARS-CoV-2
emergence. The observed disruption to the broadly
stable previous trends in disease severity during
the early part of the SARS-CoV-2 pandemic might
be a result of observation bias, a consequence of the
pandemic, or both. Although ICU admission rates
increased for pneumococcal disease, we observed a
reduction in admission CURB65 severity scores, con-
sistent with the 2018 BTS national pneumonia audit,
which also reported decreased admission CURB65
scores (36). This apparent discrepancy might be ex-
plained by changes in patients or their treatment (e.g.,
older patients with more severe disease might be less
likely to receive ICU care than younger patients be-
cause of clinical prognostic decision making). Other
recent changes in treatment, such as increased avail-
ability of positive pressure support or earlier antimi-
crobial drug administration, might also have changed
patient courses and outcomes, including severity and
death. Major changes in pneumococcal infection se-
verity have occurred since 2020, including an in-
creased percentage of adults 45-55 years of age who
required hospital treatment. The recent increase in
cases is probably related to relaxation of COVID-19
restrictions. Recent studies highlight the critical role
of respiratory viruses (e.g., respiratory syncytial vi-
rus, human metapneumovirus, influenza virus) in
contributing to pneumococcal disease (17). Large, out-
of-season viral outbreaks that occurred after easing of
COVID-19 restrictions (37) are therefore likely to have
contributed to the increasing pneumococcal disease
we report in this study, which will need careful sur-
veillance in future years. Independent of changes in
clinical practice, serotype distribution changes might
affect patient outcomes and healthcare use as inva-
sive potential varies by serotype.

One strength of this study was that we identi-
fied patients who had with pneumococcal infections
in a population of 1 million adults and report dis-
ease over a 17-year period with epidemiologic data
supported by detailed clinical information at an in-
dividualized patient level. Data on admission num-
bers and testing practices enabled us to interpret
incidence considering these factors, which might
otherwise bias the estimates obtained. In addition,
linkage with the UKHSA national reference labora-
tory enabled us to report serotype data whenever
available. Our study also reports pneumococcal
disease confirmed by UAT; this result was not de-
tected by national surveillance and enabled us to
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estimate pneumococcal disease incidence and bur-
den more accurately.

One limitation of this study was that UAT does
not identify serotype; we were thus unable to report
serotype data in 60% of our cohort. However, pa-
tients with known and unknown serotype disease
had broadly similar demographic and clinical char-
acteristics and outcomes. UAT has a sensitivity of
65%, so test results might remain positive for some
time after pneumococcal disease has been treated
(38). Although the data are concordant with national
UKHSA epidemiologic and BTS pneumonia audit
data (36), providing major reassurance, this regional
study might not be representative of other regions or
populations. As a retrospective observational study,
only information as documented in medical records
could be included. Patient treatment decisions might
have varied over time and by treating physicians,
and systemic changes in patient treatment, healthcare
provision, or admission threshold and microbiologic
testing practices might have occurred. Those factors
might have affected the trends reported in this analy-
sis. Finally, the serotype trends reported in 2020-2022
were based on substantially lower case numbers than
those seen before the emergence of SARS-CoV-2. On-
going monitoring of trends will be useful as disease
incidence adjusts after the COVID-19 pandemic.

In conclusion, this study provides evidence that
PCV13 serotypes continue to cause pneumococcal dis-
ease in adults, suggesting that indirect effects of the
childhood PCV program might not lead to additional
reductions in the residual burden of those serotypes
in adults. After the COVID-19 pandemic, serotype
distribution changes have resulted in an increase in
adult pneumococcal disease attributable to PCV sero-
types, and a major burden of current disease could be
directly prevented by introducing PCV20, which has
recently been licensed for adults. Ongoing surveil-
lance of adult pneumococcal disease is vital to evalu-
ate vaccine effect and monitor replacement disease.
The extent of indirect effects of PCVs should continue
to be carefully evaluated and considered in formulat-
ing future public health policy recommendations.
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In Mississippi, USA, infant hospitalization with congenital
syphilis (CS) spiked by 1,000%, from 10 in 2016 to 110 in
2022. To determine the causes of this alarming develop-
ment, we analyzed Mississippi hospital discharge data
to evaluate trends, demographics, outcomes, and risk
factors for infants diagnosed with CS hospitalized dur-
ing 2016-2022. Of the 367 infants hospitalized with a CS
diagnosis, 97.6% were newborn, 92.6% were covered
by Medicaid, 71.1% were African American, and 58.0%
were nonurban residents. Newborns with CS had higher
odds of being affected by maternal illicit drug use, being
born prematurely (<37 weeks), and having very low birth-
weight (<1,500 g) than those without CS. Mean length of
hospital stay (14.5 days vs. 3.8 days) and mean charges
($56,802 vs. $13,945) were also higher for infants with
CS than for those without. To address escalation of CS,
Mississippi should invest in comprehensive prenatal care
and early treatment of vulnerable populations.

Congenital syphilis (CS), caused by infection with
the bacterium Treponema pallidum, is a severe
disease with potential for immediate and long-term
health complications. Infection in pregnant moth-
ers can lead to serious neonatal conditions, such as
deformities, hepatosplenomegaly, anemia, jaundice,
and failure to thrive (1). Even though syphilis can be
asymptomatic in infants at birth, later sequalae, such
as neurologic disorders, occur in ~40% of untreated
children (2). In addition, syphilis has been associated
with severe pregnancy outcomes, including sponta-
neous abortion, preterm delivery, stillbirth, and in-
fant death (3).

According to Centers for Disease Control and
Prevention surveillance data, the nationwide rate of
CS increased by 30.5% in 1 year, from 59.7/100,000
live births in 2020 to 77.9/100,000 live births in 2021
(4). In some states, CS rates increased even more
dramatically. In Mississippi, for example, CS inci-
dence rose from 104.3/100,000 live births in 2020 to
182.0/100,000 live births in 2021, a 74.5% jump in a
single year. For this study, we examined trends, de-
mographics, risk factors, coexisting conditions, and
outcomes among infants in Mississippi hospitalized
with a CS diagnosis. We aimed to better understand
this emerging public health crisis in a state that con-
tinues to experience deep social and health inequities.

Methods

Data

For this retrospective cross-sectional study, we ana-
lyzed hospital discharge data from Mississippi for
2016-2022. The Mississippi State Department of
Health, in collaboration with the Mississippi Hospital

1966

Association, collects those data and shares them
with the Agency for Healthcare Research and Qual-
ity Healthcare Cost and Utilization Project as part of
the organization’s national hospital care database (5).
The rich population-level data contain demographic,
clinical, and financial information derived from bill-
ing claims submitted by all nonfederal acute-care
hospitals in Mississippi.

Case Definition

For this study, we included infants <1 year of age liv-
ing in Mississippi. To meet the goals of our investiga-
tion, we created 2 study groups. The first comprised
all infants hospitalized with CS, including those diag-
nosed at delivery hospitalization and those who were
admitted after delivery (postdelivery subcohort). We
used data from this more inclusive group to study
prevalence, trends, and demographics among infants
hospitalized with CS. The second group (delivery
subcohort) included only infants either delivered in
the hospital or delivered outside of the hospital but
admitted with a delivery code from the Internation-
al Classification of Diseases, 10th Revision, Clinical
Modification (ICD-10-CM). We needed data from
the delivery subcohort because we were interested
in pregnancy outcomes associated with syphilis, in-
cluding preterm and low-birthweight deliveries. To
identify the delivery subcohort, we developed an
algorithm that incorporated infant age and ICD-10-
CM code Z38, the neonatal diagnostic code for birth.
In hospital discharge data, neonatal patient age was
based on date of admission. In our delivery subco-
hort, we included all infants whose ages were record-
ed as 0-3 days with day 0 being the day of birth.

Data Variables

We used ICD-10-CM code A50 to identify diagnoses
of infant hospitalizations with CS. We referenced re-
lated ICD-10-CM codes to study newborns affected
by maternal use of illicit substances: opiates (P04.14),
amphetamines (P04.16), cocaine (P04.41), hallucino-
gens (P04.42), cannabis (P04.81), unspecified drugs
of addiction (P04.40, P04.49), and neonatal abstinence
syndrome (P9.61; i.e., severe withdrawal symptoms).
For preterm deliveries, we referenced codes P0.72 for
extreme newborn immaturity (<27 completed weeks
of gestation) and P0.73 for premature births (<36
completed weeks of gestation). We referenced ICD-
10-CM code P22 to screen the data for newborn respi-
ratory distress, which were of special interest for this
study because this condition is a major cause of neo-
natal illness and death (6). To evaluate birthweight,
we used the variable for birthweight in the dataset.
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Likewise, we detected deaths of infants with diag-
nosed CS based on the dataset variable for discharge
status, which includes in-hospital deaths. Finally, we
used neonatal ICD-10-CM code P95 to identify still-
births and screened those records for CS diagnoses.

For our research, we collected key demographic
characteristics, such as urbanicity, race, and socio-
economic status, for each individual CS patient. We
defined urban versus nonurban status on the basis of
the CDC National Centers for Health Statistics urban-
rural classification scheme (7), in which counties with
>50,000 inhabitants are classified urban and counties
with <50,000 nonurban (10,000-49,999, micropolitan;
<10,000, rural). We categorized data on race into 3
groups: African American, White, and others (be-
cause few infants with CS in the study were not either
African American or White). The following racial cat-
egories are included in the hospital discharge dataset:
White, African American/Black, American Indian/
Alaska Native, Asian, Native Hawaiian/ other Pacific
Islander, multiracial, declined, and race unavailable/
unknown. We were unable to examine ethnicity be-
cause few infants of Hispanic origin were included in
the CS cohort. We used Medicaid insurance coverage
as a proxy for low socioeconomic status.

Statistical Analyses

We used data from individual patients as units of
analysis. To select individual patients, we used
unique identifying numbers and flagged the first hos-
pitalization for each patient. We included only data
from first admissions, not transfers or readmissions.
Our analyses included descriptive and inferential
statistics. We compared demographic and clinical
characteristics between patients with and without CS
using independent t-tests for continuous variables
and y? tests for categorical variables. To evaluate the
strength of association between different demograph-
ic and clinical factors and CS, we performed multi-
variable regression and obtained adjusted odds ratios
(aORs) (8). We conducted all analyses using SAS 9.2
statistical software (9).

Results

During the 2016-2022 study period, 367 infants
were hospitalized in Mississippi with diagnosed CS.
Of those infants, 97.6% were newborn (<28 days),
92.6% covered by Medicaid, 71.1% African Ameri-
can, and 58.0% residents of nonurban counties;
50.7% were male and 49.3% female. Most infants
with CS (340; 92.6%) were identified as delivery
hospitalizations and included in the delivery sub-
cohort. The remaining 27 infants were postdelivery

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023

Congenital Syphilis, Mississippi, USA

admissions. Among the postdelivery admissions,
18 were newborn and 9 were >28 days of age,
meaning ~7% of the infants with CS received the
diagnosis during postdelivery hospitalization.

Trend Analyses

The number of infants hospitalized with CS spiked by
1,000% over the study period, rising sharply from 10
infants in 2016 to 110 in 2022 (Figure 1, panel A). The
rate of hospitalization of infants with CS increased
from 2.0/10,000 total infant hospitalizations in 2016
to 24.8/10,000 total infant hospitalizations in 2022,
representing a 1,140% increase (Figure 1, panel B).
Additional analyses revealed 2 notable trends. First,
the rate increase in the number of infants hospitalized
with CS varied by race. Although infants with CS
were overwhelmingly African American, the mag-
nitude of increase was higher among White infants.
Among African American infants, CS hospitalizations
increased by 1,029%, rising from 7 infants in 2016 to
79 in 2022. Over the same time period, the admissions

Figure 1. Infants hospitalized with congenital syphilis, Mississippi,
USA, 2016-2022. A) Number of infants hospitalized by year

and race. B) Hospitalization rates for congenital syphilis per
10,000 delivery hospitalizations. Numbers above bars are rates
for each year. We obtained the rates by dividing the number of
infants hospitalized with congenital syphilis by the total number of
delivery hospitalizations per year.
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among White infants jumped by 2,600%, from 1 in-
fant in 2016 to 27 in 2022. Second, hospitalization for
infants with CS started to increase in 2018, before the
onset of the COVID-19 crisis; the pandemic, however,
accelerated this uptrend.

Demographic Risk Factors

Bivariate analyses of associations between CS and
different demographic characteristics revealed that
infants with CS were more likely than those without
to be African American (71.1% vs. 43.3%; p<0.001),
covered by Medicaid (92.6% vs. 63.9%; p<0.001), and
>3 days of age (7.4% vs. 2.0%; p<0.001). After ad-
justing for covariates, Medicaid insurance coverage
(@OR, 5.24, 95% ClI, 3.58-8.00) was the strongest in-
dependent demographic risk factor; however, infants
>3 days of age (aOR, 3.82, 95% ClI, 2.52-5.55) and Af-
rican American race (aOR, 2.26, 95% CI, 1.37-4.06)
also retained associations with congenital syphilis
risk (Table 1).

Clinical Characteristics of the Delivery Cohort

We compared findings on clinical characteristics
from this analysis between infants with and without
CS (Table 2). In the bivariate analysis, newborns with
CS were significantly more likely than those with-
out CS (21.5% vs. 2.4%; p<0.001) to have a maternal
illicit drug use ICD-10-CM code on record. Among
newborns with CS, 73 were affected by maternal
substance use; however, only 36/73 (49.3%) records
for those newborns included a substance-specific di-
agnostic code. Among those 36 infants, maternal use
of cannabis was recorded for 69.4%, cocaine 27.8%,
amphetamines 25.0%, and opioids 2.8%. Drug-use
categories were not mutually exclusive, and 7/36 CS-
infected newborns with recorded substance-specific

diagnostic codes were exposed to >1 substance in
utero. Neonatal abstinence syndrome was present in
8 cases.

In the multivariable analysis of clinical character-
istics, the variable with the strongest association with
CS was maternal substance use. Even after controlling
for demographic risk factors, the CS cohort had al-
most 10 times higher odds of being affected by mater-
nal illicit drug use than the cohort without CS (aOR,
9.39,95% Cl17.16-12.16). Aside from minor variations,
the proportion of maternal illicit drug use among the
CS cohort remained high throughout the study pe-
riod. In 2016, the year with the highest proportion of
substance-exposed infants, 25% of all newborns with
CS also had a diagnostic code indicating maternal use
of illicit drugs. During the last 3 years of the study
period, there was a gradual but steady increase in the
proportion of newborns hospitalized with CS and
exposed to illicit substances in utero: 17.7% in 2020,
22.7% in 2021, and 23.8% in 2022 (Figure 2).

Infants in the CS cohort were also more likely
to suffer from severe complications, including pre-
maturity and low birthweight, than infants in the
cohort without CS. Among newborns with CS, 92
(27.1%) were premature, compared with 43 (12.7%)
for newborns without CS. Among premature infants
with CS, 8/92 were extremely premature (i.e., born
before completing 28 weeks of gestation). Newborns
with CS had >2 times higher odds of being born
prematurely than did newborns without CS (aOR
2.26, 95% CI 1.77-2.86) after controlling for demo-
graphic risk factors. Among 87 newborns with CS
who had birthweights <2,500 g, 59 had low birth-
weight (LBW) of 1,500-2,499 g and 28 had very low
birthweight (VLBW) of <1,500 g. Compared with
the cohort without CS, infants in the CS cohort were

Table 1. Demographic characteristics of infants hospitalized with and without congenital syphilis diagnosis, Mississippi, USA,

2016-2022
Congenital syphilis, No congenital syphilis, Crude odds ratio Adjusted odds ratio

Patient characteristics no. (%) no. (%) p value (95% CI) (95% CI)
Total 367 238,227
Age group, d

0-3 340 (92.6) 233,528 (98.0) <0.001 Referent Referent

4-365 27 (7.4) 4,699 (2.0) 3.947 (2.60-5.73) 3.82 (2.52-5.55)
Sex Referent Referent

F 179 (49.0) 116,615 (49.0) 0.981 1.003 (0.82-1.23) 1.01 (0.82-1.24)

M 186 (51.0) 121,483 (51.0) Referent Referent
Race

African American 261 (71.1) 103,102 (43.3) <0.001 2.83 (1.72-5.07) 2.26 (1.37-4.06)

White 92 (25.1) 119,502 (50.2) 0.86 (0.51-1.58) 1.01 (0.60-1.86)

Other 14 (3.8) 15,623 (6.5) Referent Referent
Residence

Nonurban 213 (58.0) 133,829 (56.2) 0.472 1.08 (0.88-1.33) 1.02 (0.83-1.26)

Urban 154 (42.0) 104,398 (43.8) Referent Referent
Primary expected payer

Medicaid 340 (92.6) 152,221 (63.9) <0.001 7.11 (4.91-10.78) 5.24 (3.58-8.00)

Private/other 27 (7.4) 86,006 (36.1) Referent Referent
1968 Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023



Table 2. Delivery subcohort: clinical characteristic for infants with and without congenital syphilis, Mi

Congenital Syphilis, Mississippi, USA

ippi, USA, 2016-2022

Congenital syphilis,

No congenital

Crude odds ratio Adjusted odds ratio

Infant characteristics no. (%) syphilis, no. (%)  p value (95% CI) (95% CI)*
Maternal substance use 340 233,529 <0.001
Y 73 (21.5) 5,697 (2.4) 11.14 (8.53-14.36) 9.39 (7.16-12.16)
N 267 (78.5) 227,932 (97.6) Referent Referent
Birthweightt
Very low birthweight 28 (8.5) 4,430 (1.9) <0.001 5.38 (3.55-7.81) 4.05 (2.67-5.90)
Low birthweight 59 (17.9) 22,556 (9.7) 2.23 (1.66-2.94) 1.81 (1.35-2.40)
Normal birthweight 242 (73.6) 205,901 (88.3) Referent Referent
Preterm
Y 92 (27.1) 29,544 (12.7) <0.001 2.56 (2.01-3.24) 2.26 (1.77-2.86)
N 248 (72.9) 203,985 (87.3) Referent Referent
Newborn respiratory distress
Y 72 (21.2) 21,204 (9.1) <0.001 2.69 (2.06-3.47) 2.54 (1.94-3.28)
N 268 (78.8) 212,325 (90.9) Referent Referent

*Each of the models was adjusted for demographic characteristics, including race, sex, residence, and payer. We excluded newborns of

undetermined/unknown sex from this analysis.

TNot all newborn records had recorded birthweight; therefore, we excluded newborns with unknown birthweight from this analysis (11 records for the
congenital syphilis cohort and 642 records for the cohort without congenital syphilis). Very low birthweight, <1,500 g; low birthweight, 1,500-2,500 g;

normal birthweight, >2,500 g.

more likely to be LBW (17.9% vs. 9.7%; p<0.001) and
VLBW (8.5% vs. 1.9%; p<0.001). Alarmingly, odds
for newborns with CS to be LBW were nearly 2 times
higher (aOR 1.81, 95% CI 1.35-2.40) and to be VLBW
>4 times higher (aOR 4.05, 95% CI2.67-5.90) than for
newborns without CS. On average, newborns with
CS weighed 349 g less (mean birthweight 2,788 g)
than newborns without CS (3,137 g; p<0.001) (Fig-
ure 3). Newborn respiratory distress was also more
common among the CS cohort (21.2%) than for the
cohort without CS (9.1%; p<0.001). Given the well-
established connection between prematurity and
respiratory distress in newborns, it is unsurpris-
ing that 1 in 5 premature newborns with CS in our
study was also diagnosed with respiratory distress.
Among the 72 newborns with diagnoses for CS and
respiratory distress, 48 (66.7%) also had a diagnostic
code for preterm delivery.

Use of Resources

In terms of resource use, infants with CS had a
longer mean hospital stay (14.5 days vs. 3.8 days;
p<0.001) and mean hospital charges ($56,802 vs.
$13,945; p<0.001) than did infants without CS. During
2016-2022, hospital charges for the CS cohort totaled
$20,846,196; Medicaid-insured infants accounted for
$19,444,608 (93.3%) of those charges.

Mortality

During the last 4 years of the study period (2019-
2022), 6 infants with CS died in hospital, half of those
during the last year of the study period (2022). Among
the infants with CS who died, 83.3% had extremely
low birthweight (<1,500 g), and 66.7% were extremely
premature. Among our study population, no records
indicated both stillbirth and CS.
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Discussion

From 2016 through 2022, CS hospitalization rates in
Mississippi increased more than 10-fold. Although
the upward trend was consistent with national-level
surveillance data for CS, the upturn in Mississippi
was even steeper (10). This spike is troubling be-
cause decades of research have demonstrated the dire
health consequences of CS, including prematurity,
low birthweight, and death (11).

As CS rates in Mississippi rose steeply in recent
years, associated harmful health outcomes contrib-
uted to the already high state infant illness and death
burden. In our study, the percentage of premature
infants among the CS cohort (27.1%) was >2 times
higher than for the cohort without CS (12.7%). Like-
wise, the CS cohort had a higher proportion of new-
borns with VLBW. We acknowledge that other as-
sociated risk factors more commonly seen in the CS
cohort, such as maternal substance abuse, might also
have contributed to this difference. Still, those dif-
ferences require urgent action because preterm birth

Figure 2. Maternal illicit drug use among newborns with
congenital syphilis, Mississippi, USA, 2016—-2022.

1969



SYNOPSIS

Figure 3. Mean birthweight for newborns with and without
congenital syphilis, Mississippi, USA, 2016—2022. Error bars
indicate 95% Cls.

and VLBW are leading causes of infant death in Mis-
sissippi, a state that already has the highest preterm
birth and infant mortality rates in the nation (12).

Our study provides evidence that the spike in CS
is already elevating the high number of infant deaths
in the state. Our research identified 6 infant deaths
associated with a CS diagnosis during the study pe-
riod. Half those deaths occurred in 2022, underlying
the current nature of this rapidly escalating reemer-
gent public health menace and urgent need for public
health interventions. Infant deaths associated with CS
are preventable; Mississippi could reduce infant ill-
ness and death by promptly diagnosing and treating
pregnant patients with syphilis (13).

In addition to harmful health sequalae, CS was
associated with significant healthcare expenditure
as measured by the mean length of stay and hospital
charges. The mean length of stay was nearly 4 times
higher among the CS cohort than for the cohort with-
out CS. Furthermore, total charges for this prevent-
able condition reached >$20 million during the 7-year
study period. This result further underlines the press-
ing need to prevent CS to reduce its physical and eco-
nomic toll in Mississippi.

To combat this emerging crisis, however, it is
critical to understand the different behavioral, social,
and economic factors driving up maternal syphilis
rates (14-16). In Mississippi, for example, the rise in
the CSrate paralleled another concerning trend: rapid
increase in newborn hospitalization associated with
maternal substance use (17). In our study, nearly 1 in
4 infants with CS was born to a mother with a sub-
stance use disorder. This finding reveals the entan-
glement between the ongoing drug epidemic and the
resurgence of maternal and congenital syphilis and
suggests the need for holistic approaches that treat il-
licit drug use as one way to curtail CS rates (18).

1970

We further uncovered substantial economic
and racial disparities among families of infants di-
agnosed with CS, consistent with previous research
(19). In our study, >70% of infants hospitalized with
CS were African American, and nearly all (91%)
infants with this diagnosis were insured by Med-
icaid. Our demographic analysis demonstrates the
intertwined nature of social, economic, and racial
disparities with health outcomes and highlights the
roles of poverty and institutional racism in fueling
transmission of severe but preventable infections,
such as syphilis (20).

In addition to behavioral and socioeconomic risk
factors, insufficient prenatal screening has been im-
plicated in rapidly rising CS rates (21,22). Until March
2023, Mississippi was one of only a few states not
mandating syphilis screening for prospective moth-
ers (23,24). By contributing to underscreening, this
policy omission led to missed opportunities to detect
and treat maternal syphilis before the birth of infants.
Despite being a resource-constrained state with a his-
tory of profound health disparities, Mississippi has
neither expanded Medicaid nor adopted presumptive
eligibility for uninsured pregnant persons. Failure to
pursue such policies created more structural barri-
ers for early and effective prenatal care that enabled
the syphilis problem to persist and grow. Redirected
public health efforts and disrupted medical care be-
cause of the COVID-19 pandemic also played roles in
ratcheting up CS incidence by impeding prevention
efforts and consequentially precipitating increased
syphilis transmission (25,26). Those and other obsta-
cles to timely prenatal testing and care have delayed
diagnosis and treatment of syphilis case-patients dur-
ing pregnancy.

To address the evolving CS crisis in Mississippi
effectively, comprehensive public health and health
policy approaches must be implemented. State agen-
cies and political leaders should be encouraged to
adopt all available tools to support early compre-
hensive prenatal care. At the front line of this battle,
public health structures should receive adequate
resources to diagnose and treat the most vulner-
able populations, including underserved and unin-
sured/underinsured infected mothers, in a timely
and effective manner. In addition, healthcare pro-
viders and systems should align their processes to
prioritize and ensure early diagnosis and treatment
of syphilis in pregnancy. Enhancing sexual health
literacy, including providing comprehensive sex
education for youth, would further empower Mis-
sissippi residents to prevent or seek treatment for
reemerging syphilis infection.
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Our investigation shows that the rapid rise of
CS hospitalizations in Mississippi is a serious public
health concern because of its grave social and health-
related consequences. By analyzing hospital discharge
records from Mississippi, we performed an in-depth
epidemiologic evaluation of infants hospitalized with
CS. Although limited by lack of data on prenatal care,
perinatal syphilis treatment, and laboratory diagnos-
tic tests, the database provided population-level data
that enabled us to explore statewide trends, study
comorbidities and costs, and make robust inferences
specific to the population of Mississippi. Study find-
ings suggest the benefits of obtaining more granular
data, improving public health surveillance, and en-
hancing education for physicians and providers to
diagnose and treat syphilis.

Congenital syphilis is a disease with dire health,
social, and financial consequences that can be pre-
vented. Providing comprehensive prenatal care, ef-
fective screening, and early treatment for pregnant
women in Mississippi constitute not only sound pub-
lic health policy in general but also smart strategies
to improve pregnancy outcomes, reduce infant illness
and death, curtail medical costs, and promote greater
health equity.
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Carbapenem-Resistant Klebsiella
pneumoniae in Large Public Acute-
Care Healthcare System, New York,

New York, USA, 2016—2022

Jennifer Lee, Subin Sunny, Elizabeth Nazarian, Mary Fornek,
Marie Abdallah, Briana Episcopia, Marie-Claire Rowlinson, John Quale

Controlling the spread of carbapenem-resistant Entero-
bacterales is a global priority. Using National Health-
care Safety Network data, we characterized the chang-
ing epidemiology of carbapenem-resistant Klebsiella
pneumoniae (CRKP) in a large public health system in
New York, New York, USA. During 2016-2020, CRKP
cases declined; however, during 2021-June 2022, a
notable increase occurred. Of 509 cases, 262 (51%)
were considered community-onset, including 149 in
patients who were living at home. Of 182 isolates with
proven or presumptive (ceftazidime/avibactam suscep-
tible) enzymes, 143 were serine carbapenemases; most
confirmed cases were K. pneumoniae carbapenemase.
The remaining 39 cases were proven or presumptive
metallo-B-lactamases; all confirmed cases were New
Delhi metallo-B-lactamases. After 2020, a marked in-
crease occurred in the percentage of isolates possess-
ing metallo-B-lactamases. Most patients with metallo-
B-lactamases originated from long-term care facilities.
An aggressive and universal program involving surveil-
lance and isolation will be needed to control the spread
of CRKP in the city of New York.

Carbapenems have long served as tools in our ar-
senal against infections caused by multidrug re-
sistant gram-negative bacteria; as such, the spread of
carbapenem-resistant Enterobacterales (CRE) repre-
sents a serious public health threat. Because CRE in-
fections are associated with poorer clinical outcomes
and have limited treatment options, the Centers for
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Disease Control and Prevention has labeled CRE as
an urgent threat (1,2).

Since its identification in 2001, Klebsiella pneumoni-
ae carbapenemase (KPC) has been the predominant
carbapenemase in CRE in medical centers across the
United States (3,4). This carbapenemase has been also
problematic in long-term care facilities throughout
the United States (5,6). Although isolates with class B
carbapenemases, particularly the New Delhi metallo-
B-lactamase (NDM), are endemic in several regions of
the world, they have been somewhat unusual in the
United States, accounting for only #10% of identified
carbapenemases (4,7). Given their greater resistance
to pP-lactam antibiotics (e.g., f-lactam/p-lactamase-
inhibitor antibiotics, including ceftazidime/avibac-
tam), the spread of isolates harboring metallo--
lactamases is particularly worrisome (8).

For more than a decade, KPC has been the pre-
dominant carbapenemase found in the New York,
New York, USA (New York City), region (9,10). How-
ever, in 2018, sporadic instances of residents of long-
term care facilities in New York harboring NDM-
possessing K. pneumoniae were reported (10,11). In
this article, we document the changing epidemiology
of carbapenem-resistant K. pneumoniae in hospitals
across a large public health system in New York City.

Methods

The New York City Health and Hospitals Enterprise
consists of 11 acute care medical centers, of which 5
are level I trauma centers, 1 is a level II trauma center,
and 1 is a level II pediatric trauma center. New York
City Health and Hospitals serves >1.2 million patients
annually. In 2022, >164,000 inpatient visits and 1 mil-
lion emergency department visits occurred. All of
the hospitals are public hospitals that serve patients
primarily of low socioeconomic status; health equity
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barriers involving pregnancy, asthma, hypertension,
diabetes, aging and frailty, substance use disorder,
mental health, and violence are well-recognized in
this population. Throughout the system, all patients
with CRE are placed on strict contact precautions;
completing a rigorous protocol is required to discon-
tinue those precautions.

For this study, we obtained listings of patients
with laboratory-identified carbapenem-resistant K.
pneumoniae from the Centers for Disease Control and
Prevention National Healthcare Safety Network da-
tabase. Only 1 patient isolate per calendar year was
included in the study. Following National Health-
care Safety Network definitions, we considered cases
community-onset if the isolate was recovered in the
outpatient setting or during the first 3 days of admis-
sion and healthcare facility-onset if recovered after 3
days of admission. We considered cases to be com-
munity-onset healthcare facility-associated if the pa-
tient had been discharged from an inpatient facility
within 90 days (12,13) or if the patient had dialysis-
dependent end-stage renal disease. We retrospective-
ly reviewed medical records, including taking note of
whether the patient was admitted from home, from
a long-term care facility, or from another acute-care
hospital. In addition, we documented the results of
carbapenemase testing and ceftazidime/avibactam
susceptibility testing performed by the clinical labo-
ratory, if available. We also included results of car-
bapenemase testing of isolates submitted to the New
York State Department of Health. We considered
isolates in which KPC or OXA-48 were detected as
proven serine carbapenemase producers and isolates
susceptible to ceftazidime/avibactam to be presump-
tive serine carbapenemase producers (14). Similarly,
we considered isolates with NDM detected proven
metallo-B-lactamase producers and isolates that were
resistant to ceftazidime/avibactam presumptive
metallo-P-lactamase producers (14).

We used the Student t-test to compare continuous
values and y? analysis to compare categorical values.
This study was approved by the SUNY Downstate
Medical Center Institutional Review Board and the
Health and Hospitals System to Track and Approve
Research program.

Results

During January 1, 2016-June 30, 2022, a total of 509
patients with carbapenem-resistant K. pneumoniae
were identified. Of the 509 patients, 306 (60.1%) were
men and 203 (39.9%) women; 193 (38%) were Black,
114 (22%) were Hispanic, 106 (21%) were White,
and 50 (10%) were Asian. Major sources of positive

1974

cultures were genitourinary tract (52%), respiratory
tract (21%), bloodstream (12%), and skin or soft tis-
sue (11%). Of the 509 patients, 262 were considered
to have community-onset positive cultures; sources
were genitourinary tract (65%), respiratory tract
(11%, of which 38% were transtracheal aspirates),
bloodstream (11%), and skin or soft tissue (7%). The
remaining 247 patients were considered to have
hospital-onset cultures; sources were genitourinary
tract (38%), respiratory tract (30%, of which 40% were
transtracheal aspirates), bloodstream (13%), and skin
or soft tissue (38%). Of note, only 4 of the 29 trans-
tracheal isolates in the hospital-onset group occurred
after March 2020, suggesting that the COVID-19 pan-
demic did not influence the results.

Of the 262 patients with community-onset cul-
tures, 149 lived at home and 108 in a long-term care
facility; 5 were transfers from another acute-care
hospital. Of the 149 patients that resided at home, 68
were considered to have community-onset healthcare
facility-associated positive cultures (61 patients had
been discharged as an inpatient within 90 days and
7 were on maintenance hemodialysis). Of the 247 pa-
tients with hospital-onset cultures, 133 lived at home,
103 lived in a long-term care facility, and 11 were
transfers from another acute-care facility.

Cases declined steadily during 2016-2020, but
this trend was reversed during the latter part of 2021
and early 2022, when a noticeable increase in the
number of cases occurred (Figure 1). The rates of hos-
pital-onset cases followed a similar trend (Figure 1).
Correlated with this increase was a marked change in
patients” place of residence before the culture. During
2016-2020, a total of 143 (36.3%) of 394 patients with
carbapenem-resistant K. pneumoniae originated from
long-term care facilities. During the next 18 months,
however, 68 (59.1%) of 115 patients originated from
long-term care facilities (p<0.0001).

Carbapenemase identification or ceftazidime/
avibactam susceptibility testing was performed
in 182 cases. A total of 143 patients had serine car-
bapenemases (proven KPC in 43 and OXA-48 in 3 pa-
tients; 97 patients with susceptibility to ceftazidime/
avibactam). There were 39 patients with metallo-
B-lactamases (proven NDM in 15 and resistance to
ceftazidime/avibactam in 24). Concomitant with the
trends we have noted, a marked shift in the type of
carbapenemases also occurred during the study pe-
riod (Figure 2). During 2016-2020, only 12 (11.8%) of
102 patients were found to have metallo-f-lactamases.
During January 2021-June 2022, however, 27 (33.8%)
of 80 patients had metallo-f-lactamases (p = 0.0007
compared with 2016-2020). In all, 67 patients with
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Figure 1. Number of community-
onset cases versus hospital-
onset cases and rate of
hospital-onset infections with
carbapenem-resistant Klebsiella
pneumoniae, New York, New
York, USA, 2016-2022.

serine carbapenemases originated from long-term
care facilities; they resided in 30 different facilities be-
fore the culture. Twenty of the patients with metallo-
B-lactamases originated from long-term care facili-
ties, and they resided in 13 different facilities.

Discussion

This retrospective review of patients with carbapen-
em-resistant K. pneumoniae revealed several notable
observations. First, it is disconcerting that approxi-
mately half of the patients had community-onset cul-
tures; 31% of patients with community-onset isolates
lived at home, were not on hemodialysis, and had not
been recently hospitalized. Previous studies have in-
dicated cases of community-onset CRE are rather un-
usual, accounting for 10% of cases (15,16).

The reason for the high percentage of community-
onset CRE seen in our study might be multifactorial.
The New York City Health and Hospitals acute care
hospitals serve predominantly urban communities of
low socioeconomic status. High rates of community-

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

associated methicillin-resistant Staphylococcus aureus
and Clostridioides difficile infections have been reported
in communities of low socioeconomic status and have
been attributed to poverty and overcrowding (17,18).
Increasing rates of community-onset isolates possess-
ing extended-spectrum {-lactamases have been well
documented (19). Healthcare exposure might be a key
factor, but studies in Europe have also documented
overcrowding, low socioeconomic status, and en-
vironmental and agricultural factors in the spread
of extended-spectrum [-lactamase-possessing iso-
lates in the community (20,21). Similar factors might
promote the spread of carbapenemase-producing
pathogens in the community. Previous studies have
documented contamination of the areas surround-
ing hospitals, including in New York City, with car-
bapenemase-producing pathogens (22,23). Coloniza-
tion of animals, including companion animals, might
also be a potential source for spread of carbapene-
mase-producing bacteria in the community (24-26).
Further study is needed to assess the contribution

Figure 2. Number of proven and
presumptive serine and metallo-3-
lactamases identified from carbapenem-
resistant Klebsiella pneumoniae, New
York, New York, USA, January 2016—
June 2022.
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of healthcare-related factors, socioeconomic factors,
and environmental factors in the community spread
of carbapenem-resistant K. pneumoniae in the New
York City region.

Second, we observed an increasing number of pa-
tients with carbapenem-resistant K. pneumoniae after
the onset of the COVID-19 pandemic. This increase
parallels the increase in methicillin-resistant S. aureus,
C. difficile, and other hospital-acquired infections seen
during the pandemic (27-29). Again, this finding is
likely multifactorial. Increased antibiotic use, partic-
ularly of cephalosporins, early in the pandemic has
been documented and was likely a contributing fac-
tor (28,30). Isolation of CRE has been associated with
prolonged hospitalization; during the pandemic,
carbapenem resistance among Enterobacterales was
recovered in 4.2% of patients who had been hospi-
talized for 15-28 days but increased to 19% for stays
beyond 28 days (31). During the pandemic, the em-
phasis on respiratory precautions might have over-
shadowed the need for contact precautions; issues
regarding hand hygiene compliance and shortages of
personal protective equipment might have been con-
tributing factors.

Third, we observed a marked increase in metallo-
B-lactamases since 2021 in this region. Before 2018,
it was distinctly unusual for a carbapenemase other
than KPC to be recovered in New York City (10).
However, in 2018, reports of a small number of pa-
tients possessing the metallo-pB-lactamases NDM,
all residing in long-term care facilities in the region,
emerged (10,11). Since then, carbapenem-resistant K.
pneumoniae with NDM (or resistant to ceftazidime-
avibactam) have spread, now accounting for one
third of all isolates. Most patients in our study with
presumptive or proven NDM-possessing isolates
originated from long-term care facilities, indicating
establishment in these centers as well. Our data pro-
vide an accurate glimpse of the status of carbapen-
emase producers in long-term care facilities in New
York City. Of the existing 158 long-term facilities in
the Bronx, Brooklyn, Manhattan, and Queens, we in-
cluded patients from 67 sites in this study. Finally,
reliance on the new B-lactam/{-lactamase inhibitors
to treat CRE in our region can no longer be assumed,
and carbapenemase identification or susceptibility
testing is now essential.

The first limit of this retrospective study is that
the number of cases of community-onset CRE might
be underestimated, because recognition of the iso-
late in cases classified as hospital-onset simply might
have been delayed. Also, detailed characterization of
the patients with community-onset isolates is needed

1976

to determine the extent of healthcare exposure be-
fore the identification of CRE. We did not conduct
statistical evaluation of the changing rates. Finally,
the carbapenemase was identified in only a small
percentage of isolates. We relied on ceftazidime/avi-
bactam susceptibility to distinguish between serine
and metallo-enzymes. Although unusual, mutations
in the carbapenemase KPC might lead to resistance
to ceftazidime/avibactam; however, these mutations
often restore carbapenem susceptibility (32).

In conclusion, the number of community-onset
cases, the increasing overall numbers, and the emer-
gence of NDM-possessing carbapenem-resistant K.
pneumoniae identified in this study are concerning.
Aggressive and universal surveillance and isolation
measures involving both acute-care and long-term
care facilities, such as those implemented in Israel
(33), will likely be needed to control further spread of
these pathogens.
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Posttransfusion Sepsis
Attributable to Bacterial
Contamination in Platelet

Collection Set Manufacturing

Facility, United States

lan Kracalik, Alyssa G. Kent, Carlos H. Villa, Paige Gable, Pallavi Annambhotla,
Gillian McAllister, Deborah Yokoe, Charles R. Langelier, Kelly Oakeson,
Judith Noble-Wang, Origji llloh, Alison Laufer Halpin, Anne F. Eder, Sridhar V. Basavaraju

During May 2018-December 2022, we reviewed trans-
fusion-transmitted sepsis cases in the United States
attributable to polymicrobial contaminated apheresis
platelet components, including Acinetobacter calco-
aceticus—baumannii complex or Staphylococcus sap-
rophyticus isolated from patients and components.
Transfused platelet components underwent bacterial
risk control strategies (primary culture, pathogen re-
duction or primary culture, and secondary rapid test)
before transfusion. Environmental samples were col-
lected from a platelet collection set manufacturing
facility. Seven sepsis cases from 6 platelet donations
from 6 different donors were identified in patients from
6 states; 3 patients died. Cultures identified Acineto-
bacter calcoaceticus—baumannii complex in 6 pa-
tients and 6 transfused platelets, S. saprophyticus in
4 patients and 4 transfused platelets. Whole-genome
sequencing showed environmental isolates from the
manufacturer were closely related genetically to patient
and platelet isolates, indicating the manufacturer was
the most probable source of recurrent polymicrobial
contamination. Clinicians should maintain awareness
of possible transfusion-transmitted sepsis even when
using bacterial risk control strategies.

In the United States, bacterial contamination of
platelet blood components is well document-
ed and largely a consequence of room tempera-
ture storage during their 5-7-day shelf life (1-3).
Approximately 2.2 million platelet components are

transfused annually in the United States, of which =2
million (96%) are collected by using apheresis meth-
ods (4). Published data from active and passive sur-
veillance indicate bacterial contamination of platelet
components (1:2,500-1:5,000) is more frequent than
transfusion-transmitted sepsis (1:10,000-1:100,000)
(5). Bacterial contamination of platelet components
most commonly occurs during blood collection and
typically involves either a single identified species of
gram-positive bacteria associated with normal skin
microflora or, less commonly, gram-negative bacte-
ria from asymptomatic donor bacteremia. However,
multiple episodes of polymicrobial contamination
with identical bacterial species in platelet compo-
nents across different states is exceedingly rare,
suggesting a possible common source of contamina-
tion. One platelet donation can yield up to 3 platelet
components, and each component might cause sep-
tic reactions in different patients (2,6,7). Signs and
symptoms of transfusion-transmitted sepsis typi-
cally occur within minutes to hours after transfusion
and include fever, chills, and hypotension; such re-
actions might be severe or fatal, although many re-
cipients of bacterially contaminated platelets remain
asymptomatic (3).

Strategies to mitigate sepsis risk caused by bac-
terial contamination of platelets include bacterial
cultures incubated before release for transfusion,
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secondary rapid testing after bacterial culture
with a bacterial detection device, and patho-
gen reduction after platelet collection (8). In the
United States, a pathogen-reduction device for
platelets that uses synthetic psoralen and ultra-
violet light to inactivate microorganisms was ap-
proved by the US Food and Drug Administration
(FDA) in 2014 and adopted voluntarily by some
blood establishments. In response to ongoing re-
ports of transfusion-transmitted sepsis, FDA estab-
lished regulations and recommendations in guid-
ance during September 2019 to implement certain
bacterial risk control strategies for platelets collect-
ed before October 1, 2021, including pathogen re-
duction, bacterial culture methods, and secondary
rapid testing (8).

We report on a multistate investigation in the
United States of transfusion-transmitted sepsis in-
volving 2 uncommon contaminants of platelet blood
components, Acinetobacter  calcoaceticus-baumannii
complex (ACBC) or Staphylococcus saprophyticus, and
other species (e.g., Leclercia adecarboxylata) seen in
combination among recipients of apheresis platelet
components (not pathogen reduced) and pathogen-
reduced apheresis platelet components. We describe
the epidemiologic and laboratory efforts to identify
the source of platelet contamination.

Methods

Overview of the Investigation

During May-October 2018, the Centers for Disease
Control and Prevention (CDC) and FDA received 4
reports of transfusion-transmitted sepsis attributable
to platelet components collected by 1 blood establish-
ment from 3 donors at separate collection facilities in
3 states. Implicated platelet components underwent
bacterial risk mitigation strategies before transfusion,
including primary bacterial culture, pathogen reduc-
tion or a combination of primary culture, and second-
ary rapid testing (Table). Preliminary whole-genome
sequencing (WGS) showed that respective species
isolates were closely related genetically, suggesting
a common source of contamination. CDC issued 2
calls for cases through the Epidemic Information Ex-
change (Figure 1).

On April 16, 2019, FDA issued a safety com-
munication, updated on December 2, 2021 and
December 22, 2022, encouraging blood establish-
ments and healthcare facilities to report platelets
contaminated with ACBC or S. saprophyticus by
submitting a MedWatch report or by directly con-
tacting FDA Center for Biologics Evaluation and
Research (10,11). As the investigation progressed,
additional reports identified L. adecarboxylata as a

Table. Characteristic of confirmed and probable transfusion-transmitted sepsis associated with bacterially contaminated platelet

products for 7 patients, United States, 2018-2021*

Characteristic Patient A Patient B Patient C Patient D Patient E Patient F Patient G
Sex M M M M M F F
State CA uTt CT CT NC OH VA
Year 2018 2018 2018 2018 2020 2021 2021
Posttransfusion clinical status Alive Deceased Alive Alive Deceased Deceased Alive
Platelet collection system Amicus Amicus Amicus Amicus Amicus Amicus Amicus
Platelet storage media PA PAS PAS PAS PAS PAS PAS
Bacterial control strategy PR PC PC, RT PC, RT PR PR PR
Platelet age, d 5 5 4 4 5 5 4
Platelet co-component transfused No No Yes Yes Yes Yes Yes
Posttransfusion cultures
Patient blood
ACBC Yes Yes Yes Yes Yes Yes No
Staphylococcus saprophyticus No No Yes Yes Yes Yes No
Leclercia adecarboxylata No No No No Yes No No
Enterobacter spp. No No No No No No Yes
Transfused platelet product
ACBC Yes Yes Yes Yes Yes Yes No
S. saprophyticus Yes No Yes Yes Yes Yes Yes
L. adecarboxylata No No No No Yes Yes Yes
Enterobacter spp. No No No No No No Yes
Bacillus spp. No No No No No Yes No
Signs and symptoms
Fever Yes Yes Yes Yes Yes No Yes
Hypotension Yes Yes Yes Yes Yes Yes Yes
Chills Yes Yes Yes Yes No No Yes
Tachycardia or bradycardia Yes Yes No No Yes Yes Yes

*Platelets were stored in a combination of platelet additive solution and plasma. Patients C and D received platelet components from the same platelet
collection. Amicus platelet collection sets and associated solutions (saline and anticoagulant) are manufactured by Fenwal International, Inc., a Fresenius
Kabi Company (https://www.fresenius-kabi.com). ACBC, Acinetobacter calcoaceticus—baumannii complex; PAS, platelet additive solution; PC, primary

culture; PR, pathogen reduction; RT, secondary rapid test.
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Posttransfusion Sepsis and Bacterial Contamination

Figure 1. Investigation timeline of transfusion-transmitted sepsis cases and key events for bacterial contamination in platelet collection
set manufacturing facilities, United States, 2018—-2022. CDC, Centers for Disease Control and Prevention; EIN, Emerging Infections
Network; Epi-X, Epidemic Information Exchange; FDA, Food and Drug Administration; MMWR, report published in Morbidity and

Mortality Weekly Report (9).

platelet contaminant in combination with ACBC
or S. saprophyticus. Beginning in May 2021, isolates
identified during routine environmental sampling
by a platelet collection set manufacturer were sent
to CDC for testing.

This activity was determined to meet the require-
ments of public health surveillance as defined in Title
45 of the Code of Federal Regulations, part 46.102(1) (2).
No institutional review board approval was needed.

Identification of Transfusion-Transmitted Sepsis Cases
We identified cases of transfusion-transmitted sepsis
through mandatory reporting of transfusion-related
deaths to the FDA under 21 CFR 606.170(b) or volun-
tary reports to the CDC or FDA by US blood estab-
lishments, health departments, or healthcare facili-
ties. We reviewed reports of transfusion-transmitted
sepsis for case definition and imputability criteria
contained within the National Healthcare Safety Net-
work Hemovigilance Module protocol (Appendix,
https:/ /wwwnc.cdc.gov/EID/article/29/10/23-
0869-Appl.pdf). We included cases if identical bac-
terial species were isolated from a transfused patient
and a transfused platelet component, and an im-
plicated strain (ACBC or S. saprophyticus) was iso-
lated from either a transfused patient or transfused
platelet component.

Contaminated Platelets

Blood establishments or healthcare facilities volun-
tarily reported, to the FDA or CDC, platelets con-
taminated with ACBC or S. saprophyticus identified

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

by primary bacterial culture screening before dis-
tribution; contaminated units were not released for
transfusion. As required under 21 CFR 606.171, in-
formation collected on patients and contaminated
platelet components included the blood collection
establishment, date and location of donation, col-
lection method and platform, collection kit manu-
facturer, use of additive solution, and bacterial risk
control strategy.

Environmental Sampling

We reviewed focused environmental surface sam-
pling (Appendix) conducted by CDC and local and
state health departments in blood establishments and
healthcare facilities in 5 US states (California, Con-
necticut, Massachusetts, North Carolina, and Utah)
from which platelet components were collected, or
in hospitals in which cases of transfusion-transmit-
ted sepsis were reported. We used epidemiologic
data collected during the investigation to identify
potential reservoirs, and sampling locations, such as
equipment used to store platelet components.

As part of routine environmental monitoring
procedures, the manufacturer (Fenwal International,
Inc., a Fresenius Kabi Company, https://www frese-
nius-kabi.com) of Amicus platelet collection sets and
associated solutions (saline and anticoagulant) col-
lected environmental isolates in 2 of their platelet col-
lection set manufacturing facilities located in Puerto
Rico and the Dominican Republic. A subset of the
manufacturer’s environmental isolates were sent to
CDC for species verification and WGS.
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Microbiologic Investigation

Microbiologic characterization included isolates from
patients, implicated transfused platelet components,
contaminated platelet products identified before
transfusion, and environmental sampling. We per-
formed species identification by using matrix-assist-
ed laser desorption ionization-time-of-flight mass
spectrometry (Appendix). Polymicrobial contamina-
tion was defined as identification of >1 species from a
platelet component or patient.

WGS and Analysis

CDC or state health departments performed WGS.
At CDC, we used Maxwell 16 MDx System (Prome-
ga, https://www.promega.com) to extract genomic
DNA. We created DNA libraries by using the NuGEN
Ovation Ultralow V2 System (Agilent, https://www.
agilent.com). We performed DNA sequencing on the
[llumina MiSeq Sequencing platform (https://www.
illumina.com). We performed quality control, pre-
liminary analyses, and high-quality single-nucleotide
variant (hqSNV) analysis by using the QuAISAR-H
Pipeline (https:/ / github.com/DHQP/QuAISAR _
singularity) and SNVPhyl (https:/ /snvphyl.readthed-
ocs.io) (Appendix) (12).

We queried the National Center for Biotechnol-
ogy Information (NCBI) RefSeq database (https://
www.ncbi.nlm.nih.gov/refseq), which yielded 7,921
ACBC and 160 S. saprophyticus genomes. We com-
pared NCBI data with isolates implicated in cases of
sepsis by using a maximum-likelihood phylogenetic
method based on core genes (Appendix).

One ACBC isolate cultured from the environ-
ment in a platelet collection set manufacturing fa-
cility underwent multilocus sequence typing at an
outside laboratory. Results were sent to CDC for
additional analysis, but the isolate was not avail-
able for WGS.

Results

Transfusion-Transmitted Bacterial Sepsis Cases

During May 2018-November 2022, a total of 7 cases
of platelet transfusion-transmitted sepsis were identi-
fied in patients from 6 states (California, Utah, Con-
necticut, North Carolina, Ohio, and Virginia) (Table).
Some of those cases have been previously reported
but are included here for completeness and context in
the larger investigation (9,13-15). Of the cases, 3 were
identified through reports to FDA of transfusion-re-
lated fatalities under 21CFR 606.170(b); others were
voluntarily reported by state health departments or
blood establishments. Other than receipt of platelet
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transfusion, no commonalities were observed among
persons who died.

Blood establishments collected platelets implicat-
ed in transfusion-transmitted sepsis by using apher-
esis on the Amicus platform (Fenwal International,
Inc.) and suspended these platelets in 65% platelet
additive solution (InterSol Solution/Platelet Additive
Solution 3 [PAS-C]; Fenwal International, Inc.) and
35% plasma. Platelets were collected from 6 differ-
ent donors in 6 states, all by 1 blood establishment.
Two of the implicated platelet units were from the
same collection procedure. FDA traced lot numbers
of all materials used in the collections, including col-
lection sets, anticoagulant solutions, saline, additive
solutions, and sampling devices, to identify potential
common elements. Platelet collection sets were from
a single manufacturer consisting of multiple lot num-
bers of collection sets, saline, anti-coagulant solution,
and PAS-C manufactured during 2018-2020. Blood
establishments performed various measures (e.g., ter-
minal cleaning) to reduce the risk for bacterial con-
tamination of all platelet components.

Of the 7 platelet components implicated in sepsis,
4 (57%) were pathogen reduced and 3 (43%) under-
went primary bacterial culture at least 24 hours after
collection and were negative; of those 3 components,
2 (67%) also underwent secondary rapid testing at
day 4 and were negative (Table). Polymicrobial con-
tamination was identified in 6/7 (86%) cases; in 1
case, only ACBC was isolated. Posttransfusion blood
cultures identified ACBCin 6/7 (86%) patients, S. sap-
rophyticus in 4/7 (57%) patients, L. adecarboxylata in
1/7 (14%) patients, and Enterobacter spp.in1/7 (14%)
patients. Cultures from implicated platelet compo-
nents identified ACBC in 6/7 (86%) cultures, S. sap-
rophyticus in 6/7 (86%) cultures, L. adecarboxylata in
3/7 (43%) cultures, Enterobacter spp.in1/7 (14%) cul-
tures, and Bacillus spp. in 1/7 (14%) cultures (Table).

Disposition of co-components from the 7 cases
of transfusion-transmitted sepsis included 3/7 (43%)
platelet co-components transfused into 3 other pa-
tients without incident, as reported by blood estab-
lishments or transfusion services; 2/7 (14%) seques-
tered co-components that were culture negative; and
2/7 (14%) co-components that caused septic reactions
were part of this investigation (patients C and D)
(Table). Blood establishments or transfusion services
did not report additional details of their investigation
into the co-component transfusions. In patients in
whom septic reactions were observed, onset of symp-
toms ranged from 30 minutes to 3 hours after start of
transfusion and most frequently included hypoten-
sion (7/7,100%) and fever (6/7, 86%).
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Bacterially Contaminated Platelet Components
During February 2019-November 2022, primary
bacterial culture identified, before transfusion, 38
isolates from 35 nonpathogen-reduced apheresis
platelet components contaminated with Acineto-
bacter spp. or S. saprophyticus collected in 12 states
(Arizona, California, Connecticut, Massachusetts,
Maryland, Missouri, New York, North Carolina,
Ohio, Pennsylvania, Texas, and Wisconsin). Of those
samples, 21/35 (60%) were contaminated with S.
saprophyticus, 11/35 (31%) with Acinetobacter spp.,
2/35 (6%) each with 2 different strains of S. sapro-
phyticus, and 1/35 (3%) with both S. saprophyticus
and Acinetobacter spp. (Figure 2).

Contaminated platelet components had been
suspended in 100% plasma (20/35, 57%) or 65%
PAS-C/35% plasma (15/35, 43%). A total of 29/35
(83%) contaminated platelet components inter-
dicted before transfusion were collected by using
the Amicus Platform by 1 blood establishment;
6/35 (17%) were collected on the Trima Accel
Platform (Terumo BCT, https://www.terumobct.
com) by a second blood establishment. One addi-
tional platelet component collected on the Trima
Platform was transfused into a patient, and A. ra-
dioresistens was cultured from the remaining plate-
let component, which underwent WGS. However,
that case did not meet the transfusion-transmitted
sepsis case definition and imputability criteria (Ap-
pendix), and the isolate did not cluster with other
strains implicated in cases of sepsis. No commonal-
ities (e.g., solutions or storage containers) between
contaminated components from different blood
establishments or collection set manufacturers
were identified.

Posttransfusion Sepsis and Bacterial Contamination

Environmental Sampling

A total of 90 environmental samples were collected
from blood establishment and healthcare facilities in 5
states (California, Connecticut, Massachusetts, North
Carolina, and Utah) during May, June, and November
2018; February and May 2019; and July 2020. Of the 90
samples cultured, 29 (32%) yielded 34 implicated strain
isolates. Recovery of isolates was primarily associated
with samples taken from equipment used to store (e.g.,
platelet agitators) and transport platelet components
(e.g., quality control cart) (Appendix Table 1). Of the
34 isolates, 19 (56%) were ACBC, 11 (32%) were S. sap-
rophyticus, and 4 (12%) were L. adecarboxylata.

Because cases of transfusion-transmitted sepsis
all involved collection sets and solutions (i.e., antico-
agulant solution, saline, PAS-C) from the same manu-
facturer, FDA inspected the manufacturing facilities
in Puerto Rico and the Dominican Republic to assess
the risk for a common source of contamination. As
part of those activities, during October 2021-October
2022, additional culture and sequencing was per-
formed on 74 environmental samples collected at the
2 manufacturing facilities (Appendix Table 2), yield-
ing 84 isolates: 35 Acinetobacter spp. and 49 S. sapro-
phyticus. FDA inspections of the manufacturing facili-
ties identified deficiencies related to environmental
controls and the assurance of platelet collection set
sterility (16).

WGS and Analysis

A total of 191 isolates obtained over 4 years under-
went WGS: 118 environmental isolates from health-
care facilities, blood establishments and 2 plate-
let collection set manufacturing facilities; 56 from
contaminated platelet components; and 17 from

Figure 2. Platelet components contaminated with Acinetobacter spp. or Staphylococcus saprophyticus identified from cases of
transfusion-transmitted bacterial sepsis or routine bacterial testing before transfusion, United States, 2018—-2022.
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posttransfusion patient blood (Figure 3). Sequencing
and analysis showed that respective isolates of ACBC,
S. saprophyticus, and L. adecarboxylata from different
sources were closely related genetically and formed
several closely related, respective outbreak clusters.
Isolates from posttransfusion patient blood, platelet
components, and a platelet collection set manufactur-
ing facility formed 3 distinct S. saprophyticus outbreak
clusters: cluster A (20 isolates, differing by 1-38 pair-
wise hqSNVs, across 97.9% of the reference isolate
core genome), cluster B (39 isolates, 0-48 hqSNVs,
98.9% core genome) and cluster C (3 isolates, 0-32
hqSNVs, 99.0% core genome).

Isolates from patient blood, platelet components,
and the hospital/blood establishment environment
were distributed across 2 distinct ACBC outbreak
clusters: cluster 1, a potentially novel species (closest

average nucleotide identity to A. seifertii at 90.8%)
within ACBC (19 isolates, varied by 0-79 hqSNVs,
94.9% core genome) and cluster 2, A. seifertii (15 iso-
lates, 5-129 hqSNVs, 95.2% core genome). For the
L. adecarboxylata isolates, sequencing and analysis
showed 1 outbreak cluster (5 isolates, 1-32 hqSNVs,
97.2% core genome).

Of the 7 cases of transfusion-transmitted sepsis,
all were collected on the Amicus platform and had
at least 1 implicated bacterial isolate in the investiga-
tion cluster. Of the primary culture positive units (not
clinical cases), most units collected on the Amicus
platform were in the investigation clusters (20/29
components; 69%), but only 2/6 units (33%) collected
on the Trima platform were in the investigation clus-
ters. Furthermore, these 2 Trima isolates were collect-
ed in the same location (Appendix Figure).

Figure 3. Whole-genome sequencing of Staphylococcus saprophyticus (A) and ACBC (B) isolates implicated in the bacterial contamination
of platelet blood products, United States, 2018—-2022. Maximume-likelihood phylogenies based on core genes were generated by using
Roary (https://github.com/sanger-pathogens/Roary) and RaxML (https://cme.h-its.org); phylogenetic trees were midpoint rooted. Clusters
were identified based on SNVPhyl (https://snvphyl.readthedocs.io) and highlighted if they included isolates linked to a sepsis transfusion
case. Acinetobacter spp. isolates not falling in the ACBC were also included. Black circles on branches indicate 100% support for the
branch of 100 bootstraps. US states are identified by 2-letter postal codes. Scale bars indicate nucleotide substitutions per site. ACBC,
Acinetobacter calcoaceticus—baumannii complex; DR, Dominican Republic; PAS, platelet additive solution; PR, Puerto Rico.
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One ACBC isolate obtained in July 2022 from
a platelet collection set manufacturer was the same
potentially novel ACBC species in outbreak cluster
1 and was closely related by multilocus sequence
typing, but was not available for WGS and analy-
sis at CDC. In the NCBI, ACBC isolates from clus-
ter 1, which included this potentially novel species,
grouped distinctly from all other ACBC with avail-
able data (Figure 4). All outbreak clusters in ACBC
and S. saprophyticus clustered apart from publicly
available NCBI genomes (Figures 4, 5).

Discussion
In this investigation, we found that a platelet collection
set manufacturer was the most probable source of mul-
tiple episodes of polymicrobial contamination of platelet
components. Previous, large, multiyear studies of plate-
let collections and transfusions did not show polymicro-
bial contamination (7,17,18). During the investigation,
primary culture of some platelet collections by blood
establishments, before transfusion, identified bacterial
contamination with implicated strains, thus averting
possible septic reactions. However, despite the use of
bacterial risk control strategies, including primary cul-
ture, secondary rapid testing, or pathogen reduction, 7
cases of transfusion-transmitted sepsis were attributed
to bacterial contamination of platelet components and
resulted in 3 deaths. The manufacturer of the second-
ary rapid test has since updated the device to improve
detection of ACBC (19). Using pathogen reduction or
other detection-based bacterial risk control strategies
cannot eliminate the risk for transfusion-transmitted
sepsis; however, the risk is expected to be reduced by
those measures and remains low (2,5,20,21). Of the
~2.1 million apheresis platelet units transfused in 2021,
~843,000 were pathogen reduced, and 1.2 million un-
derwent various bacterial testing methods (4), suggest-
ing the cases described in our study were rare events.

FDA continues to conduct inspections of the man-
ufacturer to ensure control of the manufacturing pro-
cess and maintain sterility of platelet collection sets
and solutions. FDA has communicated that strategies
to ensure the bacterial safety of platelet components
recommended in FDA guidance remain acceptable at
this time (8,10,11). Because some platelet donations in
this investigation were tested before the implementa-
tion date of the December 2020 guidance on bacterial
risk control strategies, bacterial culture methods con-
sistent with the guidance might not have been imple-
mented by blood establishments.

Identifying the source of platelet contamina-
tion was challenging. We initially hypothesized the
contamination was an isolated event resulting from
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donor infection or colonization. Only 1 previously
reported cluster of transfusion-transmitted sepsis
has been attributed to bacterial contamination from
a common source and implicated blood collection
sets (22). Our investigation then focused on envi-
ronmental contamination in hospitals and blood es-
tablishments; however, identification of genetically
related implicated strains, temporally and geographi-
cally dispersed, shifted our attention to a common
source contamination at the level of materials used in
manufacturing of platelet components. Another chal-
lenge was the complex chain of blood donation and
product manufacturing, including collection kit (e.g.,
platelet collection bags and additive solutions) manu-
facturers and kit assembly facilities across 3 locations.
Traceback efforts initiated in 2018 did not identify a
putative contamination source. Not until 2021 were
environmental isolates identified at a platelet collec-
tion set manufacturing facility and subsequently se-
quenced in 2022 to identify isolates situated within
the S. saprophyticus outbreak-related clusters.

Before this investigation, there were no confirmed
reports of sepsis attributable to bacterial contamination
of pathogen-reduced platelets (23). Published studies
hypothesized that cases of sepsis in this outbreak were
caused by defective platelet containers, resulting in en-
vironmental contamination after pathogen reduction
(14,15,24). However, several lines of evidence from this
investigation suggest a common source of contamina-
tion occurring before pathogen reduction. First, WGS
showed geographically and temporally dispersed iso-
lates from varying sources, including patients, platelet
components, and a platelet collection set manufactur-
er, were closely related genetically. Moreover, a pos-
sible novel ACBC species, not previously contained
within public repositories, was identified in patients
and the environment, irrespective of time and place
(13,25). Second, implicated strains were identified be-
fore transfusion and storage of platelets that had not
been pathogen reduced; those platelet components did
not have the same final container as pathogen-reduced
platelets, for which defects have been hypothesized as
a contamination source (15,24). Contaminated platelet
components were suspended in either 100% plasma or
65% PAS-C/35% plasma, suggesting other common-
alities (e.g., saline or anticoagulant solutions) were
sources of contamination, which was supported by
environmental sampling and inspections identifying
manufacturing deficiencies related to the assurance
of sterility.

ACBC and S. saprophyticus are uncommon platelet
contaminants and together have not previously been
reported as polymicrobial contaminants implicated
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Figure 4. Public ACBC shown with study isolates from investigation of bacterial contamination of platelet blood products, United States,
2018-2022. Shown is a RaxML (https://cme.h-its.org)—generated phylogeny based on core genes of genomes from ACBC isolates from
this study compared with all A. calcoaceticus, A. lactucae, and A. seifertii and a subsampled set of A. baumannii, A. nosocomialis, and
A. pittii genomes from the National Center for Biotechnology Information RefSeq (https://www.ncbi.nlm.nih.gov/refseq) database, along
with all Staphylococcus saprophyticus from the RefSeq database. Isolate location, isolate source, and species from National Center

for Biotechnology Information database along with all S. saprophyticus isolates or by average nucleotide identity were layered onto

the phylogeny. Pink and green indicate the 2 clusters from Figure 3, panel B. Black circles on branches indicate 100% support for the
branch of 100 bootstraps. US states are identified by 2-letter postal codes. Scale bar indicates nucleotide substitutions per site. ACBC,

Acinetobacter calcoaceticus-baumannii; DR, Dominican Republic.

in transfusion-transmitted sepsis (2,3,21). ACBC are
widely distributed gram-negative organisms found in
moist environments that can persist on surfaces and
adhere to plastics (26). Although coagulase-negative
Staphylococcus spp. are more frequent platelet contami-
nants, those bacteria are often identified as S. epidermidis
and not S. saprophyticus (6,18). S. saprophyticus com-
monly colonizes the human urogenital tract and is a
leading cause of urinary tract infections but is not typi-
cally implicated in transfusion-transmitted sepsis (27).

Both ACBC and S. saprophyticus have been shown

1986

to contaminate the environment and can form bio-
films (27-29), although synergistic growth enhance-
ment between ACBC and S. saprophyticus has not
been observed (30). Effective pathogen reduction was
demonstrated in platelet components inoculated with
implicated strains of ACBC and S. saprophyticus, but
that finding might not reflect real-world conditions
in clinical practice during this investigation (14,15).
However, 1 study detected residual viable bacteria af-
ter 7 days of storage in pathogen-reduced platelets ex-
perimentally inoculated with L. adecarboxylata, which
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was attributed to a high inoculum (26). Certain spore-
forming bacteria and nonenveloped viruses have also
demonstrated resistance to pathogen reduction (23),
and biofilm-forming bacteria might evade detection
by bacterial culture or pathogen reduction (31).

One limitation of our findings is that, although
efforts were made to identify cases or contaminated
products, some might have gone unrecognized. Some
patients lack clinical symptoms of transfusion-trans-
mitted sepsis caused by varying inoculum size, asymp-
tomatic infection, or misdiagnosis (5,32). Highlighting
this variability is that, for some platelet collections as-
sociated with fatal sepsis in this investigation, platelet

Posttransfusion Sepsis and Bacterial Contamination

co-components from the same donation were transfused
into 3 additional patients without incident. Pathogen-
reduced platelets do not routinely undergo primary cul-
ture for bacteria before transfusion; consequently, the
bacterial load is unknown. However, pathogen reduc-
tion of some platelet components during this investiga-
tion probably prevented some cases of transfusion-trans-
mitted sepsis. The mechanisms of pathogen reduction
evasion are unclear, and the effectiveness of pathogen
reduction against biofilms is not completely understood.

Although most contaminated platelet compo-
nents in this outbreak were collected by 1 blood es-
tablishment on the Amicus platform, 6 isolates were

Figure 5. Public Staphylococcus saprophyticus genomes and study isolates from investigation of bacterial contamination of platelet
blood products, United States, 2018—-2022. Shown is a RaxML (https://cme.h-its.org)—generated phylogeny based on 1,808 core

genes of all S. saprophyticus isolates from this study and all S.saprophyticus genomes from the National Center for Biotechnology
Information RefSeq (https://www.ncbi.nlm.nih.gov/refseq) database. Isolate location, isolate source, and species from National Center
for Biotechnology Information or by average nucleotide identity were layered onto the phylogeny. Light orange, blue, and purple indicate
the 3 clusters from Figure 3, panel A. Black circles on branches indicate 100% support for the branch of 100 bootstraps. US states are
identified by 2-letter postal codes. Scale bar indicates nucleotide substitutions per site. DR, Dominican Republic; PR, Puerto Rico.
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interdicted from components collected by a second
blood establishment on the Trima platform, and 2 of
the 6 were closely related genetically to the S. sapro-
phyticus cluster. However, those 2 isolates showed
evidence of a common plasmid not identified in any
other isolates in the cluster (data not shown). Further-
more, no epidemiologic links (e.g., shared materials
or devices) were identified between this second es-
tablishment and the first establishment’s outbreak-
related transfusion transmitted sepsis cases or plate-
let components, despite association with the common
S. saprophyticus strain. In contrast, strains associated
with polymicrobial contamination were common
among clinical cases of sepsis and the implicated
manufacturing facility.

CDC and FDA continue to collaborate to ensure
the safety of the blood supply. CDC has proposed ad-
ditional studies to elucidate the effects of biofilm de-
velopment on platelet bacterial risk control strategies
(33). FDA and CDC will continue to monitor reports of
bacterial contamination of platelets, and FDA will is-
sue additional communications and take appropriate
regulatory action as necessary. Despite these events,
blood transfusion remains safer than ever because of
bacterial mitigation strategies. Although such cases
are uncommon, clinicians should maintain awareness
of possible transfusion-transmitted sepsis even when
using bacterial risk control strategies. Prompt recog-
nition and reporting will help ensure identification of
potential sources of contamination so that appropri-
ate corrective actions can be taken.
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Effects of COVID-19 on
Maternal and Neonatal Outcomes
and Access to Antenatal and
Postnatal Care, Malawi

Leonard Mndala, Chikondi Chapuma, Jennifer Riches, Luis Gadama, Fannie Kachale,
Rosemary Bilesi, Malangizo Mbewe, Andrew Likaka, Moses Kumwenda, Regina Makuluni,
Bertha Maseko, Chifundo Ndamala, Annie Kuyere, Laura Munthali, Deborah Phiri,
Edward J.M. Monk, Marc Y.R. Henrion, Maria L. Odland,* David Lissauer!

We used national facility-level data from all government
hospitals in Malawi to examine the effects of the sec-
ond and third COVID-19 waves on maternal and neo-
natal outcomes and access to care during September
6, 2020-October 31, 2021. The COVID-19 pandemic
affected maternal and neonatal health not only through
direct infections but also through disruption of the health
system, which could have wider indirect effects on criti-
cal maternal and neonatal outcomes. In an interrupted
time series analysis, we noted a cumulative 15.4% rela-
tive increase (63 more deaths) in maternal deaths than
anticipated across the 2 COVID-19 waves. We observed
a 41% decrease in postnatal care visits at the onset of
the second COVID-19 wave and 0.2% by the third wave,
cumulative to 36,809 fewer visits than anticipated. Our
findings demonstrate the need for strengthening health
systems, particularly in resource-constrained settings, to
prepare for future pandemic threats.

Maternal, newborn, and child health delivery ser-
vices are critical, and many improvements in
health outcomes have been achieved globally in the
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past decade (I). However, those gains likely were
negatively affected by the COVID-19 pandemic and
subsequent public health response. The pandemic
disrupted global healthcare systems and healthcare
delivery, even in the most well-resourced and resil-
ient health systems (2). In the worst-case scenario,
COVID-19’s disruption of essential maternal, new-
born, and child health interventions could result in an
additional 1,157,000 child deaths and 56,700 mater-
nal deaths in 118 low- and middle-income countries
(3). For instance, in Nepal, the national COVID-19
lockdown led to an increase in stillbirth and neona-
tal mortality rates and decreases in quality of care in
healthcare institutions (4).

Most countries in sub-Saharan Africa have strug-
gling healthcare systems (5). Pandemics exacerbate
existing challenges. For instance, the 2014 Ebola out-
break in West Africa greatly affected maternal and
child health services and fewer women attended an-
tenatal care visits, fewer institutional deliveries oc-
curred, and child vaccination coverage was low (6).
Although risks to achieving improvements in mater-
nal, neonatal, and child health outcomes posed by
COVID-19 are well recognized, little national-level
evidence has been collected to elucidate the wider ef-
fects of COVID-19 waves on maternal, neonatal, and
child health outcomes in sub-Saharan Africa (3).

In Malawi, a SARS-CoV-2 seroprevalence study of
5,085 blood samples from blood donors showed that
seroprevalence was 70.2% (95% CI 62.2%-81.6%) by
July 2021 (7). The Ministry of Health (MoH) prioritized
the COVID-19 response, but because of existing chal-
lenges in the healthcare infrastructure, the pandemic

1These authors contributed equally to this article.
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greatly disrupted healthcare delivery (8). A paucity of
data are available from sub-Saharan Africa to establish
the effects of COVID-19 on maternal, neonatal, and
child health. In response, Malawi MoH collaborated
with the Malawi-Liverpool-Wellcome Programme
(MLW) to implement the Maternal COVID-19 Surveil-
lance (MATSurvey) online platform to routinely collect
and monitor data on COVID-19 in maternity.

Limited research has been conducted in Malawi
and sub-Saharan Africa using national real-time data
collected during the peak of the pandemic to assess
effects of COVID-19 on maternal and neonatal health
and access to healthcare. We analyzed the effects of the
second and third COVID-19 waves in Malawi on se-
lected maternal and neonatal outcomes and access to
care by using nationally collected data from all 33 gov-
ernment healthcare sites participating in MATSurvey.

Methods

Study Design

This study is a secondary retrospective cohort analy-
sis of data gathered from a cohort of pregnant and
recently pregnant women enrolled in the MATSur-
vey platform from September 6, 2020-October 31,
2021. Data from the platform are routinely collected
for all women admitted in all 33 government health-
care facilities of Malawi, including all 27 government
district hospitals, all 4 central hospitals, and 2 district
health offices.

Data Source
MATSurvey was implemented by using avail-
able structures within Malawi’s healthcare system.

Figure 1. Epidemic data used
in study of effects of COVID-19
on maternal and neonatal
outcomes and access to
antenatal and postnatal care,
Malawi. A) Daily confirmed
COVID-19 cases; B) daily
confirmed COVID-19 deaths.
The epidemiologic curve
shows the beginning of second
and third waves of COVID-19
in Malawi. Grey bars indicate
daily case counts; blue lines
indicate centered 14-day
moving averages; orange
vertical lines indicate proposed
time points for the interruptions
in the segmented time series
analysis: January 1, 2021, just
before the second COVID-19

COVID-19 and Maternal and Neonatal Outcomes

MATSurvey involved digitization of existing Ma-
ternal Death Surveillance and Response (MDSR)
program tools and reviews. Digitization enabled
electronic data capture in all government facilities
during COVID-19, making data available in real-time
for monitoring, evaluation, and response. Prior to
MATSurvey, data collection under MDSR was pa-
per-based. MATSurvey comprises all facilities under
MDSR. The MDSR site coordinators are responsible
for daily active case-finding using data from facility
teams, clinical notes, hospital registers, and handover
files. Cases include women who have died, suffered a
maternal near-miss event (i.e., almost died from com-
plications), or had suspected or confirmed COVID-19.

Site coordinators were trained in digital data col-
lection and entry for a tailored electronic tablet ap-
plication developed by the MLW team. Designated
project coordinators provided oversight of the project
from MLW remotely, together with MoH’s quality
management directorate zonal coordinators, to as-
sist with timeliness in uploading data and addressing
challenges. MLW and MoH conducted weekly data
quality checks.

Definitions and Measurements

Using the COVID-19 epidemic curve for Malawi (Fig-
ure 1), we defined the baseline period as September 6-
December 31, 2020; the second wave as January 1-June
19, 2021; and the third wave as June 20-October 31,
2021. We defined maternal death rate (deaths/1,000
live births) as the number of deaths from any cause
related to or aggravated by pregnancy or its man-
agement, excluding accidental or incidental causes,
during pregnancy and childbirth or within 42 days

wave; and June 20, 2021, just before the third COVID-19 wave. Data are from the Johns Hopkins University Center for Systems Science

and Engineering (https://coronavirus.jhu.edu/map.html).
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after termination of pregnancy, irrespective of the
duration and site (e.g., ectopic) of the pregnancy. We
defined neonatal death rate (deaths/1,000 live births)
as the number of newborns up to 28 days of age who
died before discharge. We defined stillbirth rate (still-
births/1,000 live births) as the number of fetal deaths
occurring during the antepartum and intrapartum
period, after 28 weeks of pregnancy. We aggregated
the number of antenatal clinic visits per week across
the study period. We defined postnatal clinic visits as
aggregated counts of visits per week across the study
period. We defined the counterfactual scenario as the
period during which no effects from second and third
COVID-19 waves were seen.

Statistical Analysis

We aggregated data weekly across all facilities. We
limited the date range of our analysis to September 6,
2020, after the end of the first COVID-19 wave in Ma-
lawi, to October 31, 2021, before the start of the fourth
COVID-19 wave (Figure 1).

To assess the overall effects of the second and
third pandemic waves on access to care and maternal
and neonatal outcomes, we used an interrupted times
series (ITS) regression approach for the time series ob-
tained for each outcome (9). We used a negative bino-
mial regression model for weekly reported clinic visits
and maternal and neonatal outcomes. Those models
included a linear trend over time for the logarithm of
the rate of observed events. The ITS framework can
foresee that a linear trend can be interrupted at >1
timepoints, both in overall level of events and in trend
over time after interruptions. In our study, we allowed
2 interruptions: January 1, 2021, which was the start of
second COVID-19 wave in Malawi; and June 20, 2021,
the start of third COVID-19 wave. During the first
COVID-19 wave in Malawi, MATSurvey was just be-
ing rolled out and not fully functional for capturing
data. During that phase, data on COVID-19 in materni-
ty were unavailable. Because of the paucity of data, we
chose the period just after the first wave as the coun-
terfactual period; that is, the period in which no effects
of the second and third COVID-19 waves were seen.
At each of the 2 interruption timepoints, we allowed
both the level of the modeled events and the slope of
the trajectory of number of events over time to change.
For outcomes for which we estimated rates per 1,000
live births, the models also included an offset (i.e., a
denominator) term for the logarithm of the number
of weekly live births. To avoid ambiguity, and for the
interest of mathematically inclined readers, we have
made the precise model equations and code available
(https:/ / github.com/ gitMarcH/MatSurv_ITS).

1992

We also fitted models to data restricted to the time
range up to the first interruption time point. Those
models only included a constant term (the intercept),
time, and the live birth denominator as an offset, if ap-
plicable. We used those models only for the first of the
3 time windows we considered in our analyses; that
is, the period before the first interruption time point.
By using those models to predict beyond the first in-
terruption, the second COVID-19 wave, we were able
to compare the counterfactual scenario of no effect
on outcomes from the 2 COVID-19 waves against the
observed events. To quantify the relative increase or
decrease between the counterfactual model predic-
tions and observed events, we divided the difference
between both by the number of observed events. We
characterized all outcomes in this study by a substan-
tial amount of variation not explained by our models,
which are most likely because covariates and con-
founders that are not recorded in the MATSurvey
dataset. We quantified uncertainty in estimates by us-
ing the 95% Cls for the extrapolated model fits for the
mean number of events for each outcome variable.

For model diagnostics, we inspected deviance
residuals against fitted values and checked autocor-
relations and partial autocorrelations for substantial
deviations from model assumptions. We also com-
puted pseudo R? values for every model. We chose
January 1, 2021, and June 20, 2021, as timepoints by
visually inspecting the epidemic curve (Figure 1). We
performed analyses by using R version 4.1.2 (10). We
fit negative binomial models for the ITS analyses by
using the glm.nb() function from the library of Mod-
ern Applied Statistics with S (11).

Ethics Statement

Data were anonymized and made available to the re-
search team by permission of MoH, Malawi, and the
College of Medicine Research Ethics committee (pro-
tocol no. P.11/20/3186). Only aggregate data were
made available to maintain patients” confidentiality.
Patient consent was not required because MATSur-
vey is a national platform owned by MoH for rou-
tinely collecting data.

Results

During September 6, 2020-October 31, 2021, Malawi
recorded 589 maternal deaths across all the healthcare
facilities registered in MATSurvey. Of those deaths,
176 (29.9%) occurred during the baseline period, 208
(35.3%) occurred during the second COVID-19 wave,
and 205 (34.8%) occurred during the third COVID-19
wave. During the same timeframe, Malawi recorded
6,701 neonatal deaths, of which 40.2% (n = 2,695)
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Figure 2. Maternal death rates in
study of effects of COVID-19 on
maternal and neonatal outcomes
and access to antenatal and
postnatal care, Malawi. Circles
indicate observed data; blue
lines indicate model fit from
actual data, including step and
slope changes during second
(January 1, 2021) and third
(June 20, 2021) COVID-19
waves. Dashed orange line
indicates the counterfactual
scenario of no second or third
COVID-19 waves. Blue shaded
areas indicate 95% Cls; yellow
shaded areas indicate 95% Cls
for the counterfactual scenario.
Background shaded areas
indicate the second (light gray)

COVID-19 and Maternal and Neonatal Outcomes

and third (dark gray) COVID-19 waves in Malawi. Pseudo R? = 0.06.

occurred during the second COVID-19 wave. The
country reported 280,246 antenatal and 108,320 post-
natal clinic visits. During the same timeframe, Malawi
had 226,057 births, of which 67,377 (29.8%) were dur-
ing the baseline, 88,685 (39.2%) were during the second
wave, and 69,995 (31%) were during the third wave.

Maternal Death Rate

Compared with maternal deaths during Septem-
ber-December 2020 (baseline), a substantial increase
occurred during January-October 2021, across the
second and third COVID-19 waves (Figure 2). At
the beginning of the second COVID-19 wave, we
observed an increase in maternal deaths, which re-
mained above the counterfactual scenario until
around May 2021. We observed another increase in
the outcome at the beginning of third wave, around
July 2021.

The second COVID-19 wave led to a 57% increase
in maternal death rate (rate ratio [RR] 1.57; p = 0.0228)
compared with the counterfactual scenario. Maternal
death rate increased 2-fold after the third COVID-19
wave (RR 2.31; p<0.001). The increase in maternal
death rate across the second and third COVID-19
waves was accompanied by a sustained post-third
wave effect (RR 1.03; p = 0.0408) (Table 1).

The total difference in maternal death rate be-
tween the counterfactual scenario and observed num-
bers from the beginning of the second through the
third wave was =63 (95% CI —264 to 533). That finding
represents an absolute increase by 63 maternal deaths
and a relative increase of 15.4% during combined sec-
ond and third waves of COVID-19 compared with the
counterfactual scenario.
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Neonatal Death Rate

At the beginning of the second COVID-19 wave, we
observed no statistically significant change in the neo-
natal mortality rate (Figure 3). However, we saw a re-
duction at the beginning of the third wave. After the
second COVID-19 wave, we saw a sustained decrease
in the neonatal death rate, but we noted a sustained
increase in neonatal death rate after the third wave
(Table 2).

We observed a statistically nonsignificant drop in
neonatal deaths at the interruption of both the second
(RR 0.99; p = 0.9358) and third (RR 0.91; p = 0.2601)
COVID-19 waves in Malawi. Both waves were associ-
ated with a change in time trend: a 2% drop occurred
in the weekly trend during the second wave (RR 0.98;
p = 0.0361), resulting in a slight decrease over time
during that wave, then a 2% increase in the weekly
trend, resulting again in a sustained increase in neo-
natal deaths over time during the period after the
third wave (RR 1.02; p = 0.008).

The difference in neonatal mortality rates be-
tween the counterfactual scenario and observed out-

Table 1. Summary of regression analysis for maternal death rate
in study of effects of COVID-19 on maternal and neonatal
outcomes and access to antenatal and postnatal care, Malawi*

Variable Estimate (95% Cht p value
Baseline, intercept 2.69 (2.00-3.63)

COVID-19 wave 2 1.57 (1.06-2.30) 0.0228
COVID-19 wave 3 2.31 (1.54-3.47) 0.0001
Time, wk 0.99 (0.97-1.03) 0.7296
Post-COVID-19 wave 2 0.96 (0.93-0.99) 0.0438
Post-COVID-19 wave 3 1.03 (1.00-1.06) 0.0408

*Pseudo R? = 0.06. Bold text indicates statistical significance.

1The estimates are exponentiated model coefficients, i.e., the intercept
estimate is the baseline incidence rate per 1,000 live births and all other
estimates are rate ratios associated with the different variables.
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Figure 3. Neonatal death

rates in study of effects of
COVID-19 on maternal and
neonatal outcomes and access
to antenatal and postnatal
care, Malawi. Circles indicate
observed data; blue lines
indicate model fit from actual
data, including step and

slope changes during second
(January 1, 2021) and third
(June 20, 2021) COVID-19
waves. Dashed orange line
indicates the counterfactual
scenario of no second or third
COVID-19 waves. Blue shaded
areas indicate 95% Cls; yellow
shaded areas indicate 95% Cls
for the counterfactual scenario.
Background shaded areas

indicate the second (light gray) and third (dark gray) COVID—-19 waves in Malawi. Pseudo R? = 0.02.

comes from January 1-October 31, 2021, was 1,988
(95% CI -1,180 to 8,715). That finding translates to
an absolute reduction of 1,988 and relative reduction
of 41.4% neonatal deaths across the second and third
COVID-19 waves.

Stillbirth Rate

We observed 131 (95% CI -1,032 to 1,863) fewer still-
births per 1,000 live births compared with a scenario
of no second and third COVID-19 waves. The drop in
stillbirths was more of a sustained effect and not an
immediate result of the second and third wave inter-
ruptions (Table 3; Figure 4). An immediate 30% in-
crease in stillbirths occurred at the onset of the third
COVID-19 wave (RR 1.30; p<0.001), but the increase
was not sustained.

Antenatal and Postnatal Clinic Visits

During the beginning of the second and third
COVID-19 waves, antenatal clinic visits increased
(Figure5), but we observed a sharp drop in postnatal
clinic visits at the onset of the second wave (Figure
6). During the second and third COVID-19 waves,

Table 2. Summary of regression analysis for neonatal death rate
in study of effects of COVID-19 on maternal and neonatal
outcomes and access to antenatal and postnatal care, Malawi*

Variable Estimate (95% Cht p value
Baseline, intercept 25.93 (22.55-29.82)

COVID-19 wave 2 0.99 (0.83-1.17) 0.9358
COVID-19 wave 3 0.91 (0.76-1.07) 0.2601
Time, wk 1.01 (0.99-1.02) 0.0691
Post COVID-19 wave 2 0.98 (0.96-0.99) 0.0361
Post COVID-19 wave 3 1.02 (1.0-1.03) 0.0080

*Pseudo R? = 0.02. Bold text indicates statistical significance.

1The estimates are exponentiated model coefficients, i.e., the intercept
estimate is the baseline incidence rate per 1,000 live births and all other
estimates are rate ratios associated with the different variables.
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January 1, 2021-October 31, 2021, we observed an
increase of 16,833 (95% CI 89,072-111,041) more an-
tenatal clinic visits than during the period without
the 2 waves. Although the differences were not sta-
tistically significant, during the second COVID-19
wave, we noted an 11% (RR 1.11; p = 0.1395) in-
crease in antenatal clinic visits, but only a 3%
(RR 1.03; p = 0.6187) increase occurred during the
third COVID-19 wave.

Postnatal clinic visits dropped by 41% at the
onset of the second COVID-19 wave (RR 0.59;
p<0.001). A 0.2% decrease in postnatal care visits
occurred at the onset of the third COVID-19 wave
(RR 1.02; p = 0.0149), but although that decrease
was not statistically significant, it was accompa-
nied by a sustained post-third wave effect (Table
4). Postnatal clinic visits declined by 36,809 (95%
CI 15,799-64,848) visits between the counterfactual
scenario and observed outcome.

Discussion

Using an ITS regression analysis of aggregated time
series data on COVID-19 in maternity, we estimated
the total effects of the second and third COVID-19
waves on selected maternal and neonatal outcomes,
and access to antenatal and postnatal care in Malawi.
We found a statistically significant increase in the
maternal death rate at the beginning of the second
and third COVID-19 waves compared with a coun-
terfactual scenario of no second and third COVID-19
waves. However, the neonatal death rate was largely
unaffected by the 2 interruptions and only had a sta-
tistically significant sustained increase because of a
time trend change in the period after the third wave.
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Antenatal clinic visits were largely unaffected by the
2 pandemic waves, but the drop in postnatal care vis-
its was statistically significant.

We observed a 57% increase in the maternal
death rate at the first interruption (wave 2) and a
>2-fold increase in maternal deaths at the second
interruption (wave 3). After each of those increases,
we noted a substantial, although statistically non-
significant, waning of the death rate over the course
of each wave. The SARS-CoV-2 Beta variant of con-
cern was in circulation during the second wave in
Malawi and the Delta variant was circulating dur-
ing the third wave (12). In the United Kingdom,
the Beta and Delta variants were associated with
maternal deaths in pregnant and recently preg-
nant women (13), findings which are comparable
to ours. Our results are also comparable to findings
on a multinational cohort of pregnant women that
reported that COVID-19 resulted in increased ma-
ternal deaths and exacerbated effects on women in
low- and middle-income countries (14). Observed
increased mortality rates at the beginning of the
second and third pandemic waves could be the
result of direct effects of COVID-19, such as respi-
ratory failure, coupled with observed lack of inva-
sive ventilation in healthcare facilities in Malawi.
Another study in Malawi reported that shortness
of breath had a statistically significant association
with maternal death during the second and third
COVID-19 waves (15).

Although the drop in neonatal death rate at the
onset of both the second and third COVID-19 waves
was not statistically significant, the sustained drop af-
ter the third COVID-19 wave was significant. Neonatal

Figure 4. Stillbirth rates in
study of effects of COVID-19 on
maternal and neonatal outcomes
and access to antenatal and
postnatal care, Malawi. Circles
indicate observed data; blue
lines indicate model fit from
actual data, including step and
slope changes during second
(January 1, 2021) and third
(June 20, 2021) COVID-19
waves. Dashed orange line
indicates the counterfactual
scenario of no second or third
COVID-19 waves. Blue shaded
areas indicate 95% Cls; yellow
shaded areas indicate 95% Cls
for the counterfactual scenario.
Background shaded areas
indicate the second (light gray)

COVID-19 and Maternal and Neonatal Outcomes

Table 3. Summary of regression analysis for stillbirths in study of
effects of COVID-19 on maternal and neonatal outcomes and
access to antenatal and postnatal care, Malawi*

Variable Estimate (95% CI)t p value
Baseline, intercept 22.47 (22.14-27.04)

COVID-19 wave 2 1.04 (0.91-1.18) 0.6225
COVID-19 wave 3 1.30 (1.14-1.47) 0.0001
Time, wk 1.00 (0.99-1.01) 0.7905
Post COVID-19 wave 2 0.99 (0.98-1.00) 0.1304
Post COVID-19 wave 3 1.00 (0.99-1.01) 0.5393

*Pseudo R? = 0.04. Bold text indicates statistical significance.

1The estimates are exponentiated model coefficients, i.e., the intercept
estimate is the baseline incidence rate per 1,000 live births and all other
estimates are rate ratios associated with the different variables.

mortality rate remained below anticipated numbers
compared with the counterfactual model of no asso-
ciation. A systematic review of evidence regarding
maternal, fetal, and neonatal death associated with
COVID-19 showed that direct COVID-19 infection of
neonates was not associated with statistically signifi-
cant mortality rates (16). Similarly, our data show that
COVID-19 does not seem to have caused overall ad-
verse effects on the outcomes of neonates in Malawi,
suggesting that care during labor and the neonatal pe-
riod was relatively available, despite the challenges to
healthcare facilities caused by COVID-19.

Across the 2 COVID-19 waves, we observed
fewer stillbirths than anticipated under the coun-
terfactual model. We noted an increase in still-
births at the onset of the third wave, but that was
not sustained. Other studies have found no rela-
tionship between SARS-CoV-2 infection and still-
births, which also appeared to be true for Malawi.
In Nepal, the lockdown, and not necessarily COV-
ID-19 infection, was associated with an increase in
stillbirths (4). Different studies have also reported

and third (dark gray) COVID-19 waves in Malawi. Pseudo-R? = 0.04.
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Figure 5. Antenatal clinic

visits in study of effects of
COVID-19 on maternal and
neonatal outcomes and access
to antenatal and postnatal
care, Malawi. Circles indicate
observed data; blue lines
indicate model fit from actual
data, including step and

slope changes during second
(January 1, 2021) and third
(June 20, 2021) COVID-19
waves. Dashed orange line
indicates the counterfactual
scenario of no second or third
COVID-19 waves. Blue shaded
areas indicate 95% Cls; yellow
shaded areas indicate 95% Cls
for the counterfactual scenario.
Background shaded areas
indicate the second (light gray)

and third (dark gray) COVID-19 waves in Malawi. Pseudo R? = 0.01.

increased preterm birth outcomes after SARS-CoV-2
infection, but not increases in stillbirths (17,18).

Despite the COVID-19 waves, antenatal clinic
visits remained largely unaffected in Malawi. The
country implemented a multisectoral response policy
to respond the COVID-19 pandemic, which included
risk communication, community engagement, and
ensuring that critical services such as antenatal clinics
remained robust (19).

Although antenatal clinic visits were largely unaf-
fected, postnatal care clinical visits showed a sharp de-
cline at the start of the second COVID-19 wave. About
6 weeks after discharge from facilities, many women
did not return for care as recommended, which might

Figure 6. Postnatal clinic

visits in study of effects of
COVID-19 on maternal and
neonatal outcomes and access
to antenatal and postnatal
care, Malawi. Circles indicate
observed data; blue lines
indicate model fit from actual
data, including step and

slope changes during second
(January 1, 2021) and third
(June 20, 2021) COVID-19
waves. Dashed orange line
indicates the counterfactual
scenario of no second or third
COVID-19 waves. Blue shaded
areas indicate 95% Cls; yellow
shaded areas indicate 95% Cls
for the counterfactual scenario.
Background shaded areas

be attributed to fear of SARS-CoV-2 infection, as seen
among other patients in facilities (20). The reluctance
to return for care might also have been linked to insti-
tuted facility-level policy changes that did not actively
encourage women to return. Researchers in the Unit-
ed Kingdom called for vigilance to avoid disruptions
and improve maternal postnatal healthcare amidst
COVID-19 (21). However, evidence suggests that a
substantial number of postnatal women became fearful
of COVID-19 and more concerned about their wellbe-
ing and that of their babies if exposed to SARS-CoV-2
in crowded environments (20). This fear likely explains
why, in Malawi, postnatal care visits dropped substan-
tially throughout our study period. Further qualitative

indicate the second (light gray) and third (dark gray) COVID-19 waves in Malawi. Pseudo R? = 0.12.
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Table 4. Summary of regression analysis for weekly postnatal
visit rate in study of effects of COVID-19 on maternal and
neonatal outcomes and access to antenatal and postnatal care,
Malawi*

Variable Estimate (95% CIt p value
Baseline, intercept 2,283.98 (2,100.42-2,483.58)

COVID-19 wave 2 0.59 (0.53-0.66) 0.0000
COVID-19 wave 3 1.01 (0.88-1.16) 0.8521
Time, wk 1.00 (0.99-1.01) 0.5854
Post COVID-19 wave 2 0.99 (0.98-1.00) 0.6701
Post COVID-19 wave 3 1.02 (1.00-1.03) 0.0149

*Pseudo R? = 0.12. Bold text indicates statistical significance.

1The estimates are exponentiated model coefficients, i.e., the intercept
estimate is the baseline rate, and all other estimates are rate ratios
associated with the different variables.

research could examine the drop-in postnatal care vis-
its and needed health education. The drop-in postnatal
care visits also might have affected women’s opportu-
nities for critical postnatal interventions, such as con-
traception, which could have lasting effects that will
require further evaluation and mitigation.

The first limitation of our study is that we at-
tributed the baseline to a period when Malawi had
already experienced the first COVID-19 wave.
MATSurvey was not optimally functional before
COVID-19 emerged, which is why we chose the pe-
riod after the first wave as baseline in the interrupted
regression analysis. Second, we chose to focus on 2
key interruptions, the second and third COVID-19
waves, because those presented the most critical sce-
narios in the country. Third, all the outcomes inves-
tigated in this study are characterized by substantial
amounts of variation not explained by our models.
Although some random variation existed, other driv-
ers for variation in maternal and neonatal death, still-
births, and antenatal and postnatal visits likely were
not included in our data and hence could not be ac-
counted for in our statistical models. A limitation of
the dataset is that MATSurvey does not include data
on possible confounders; hence, we could not adjust
for those data in the ITS regression models. Fourth,
our data might have risked overfitting, which we mit-
igated by choosing the 2 interruption time points in
the regression models a priori, and we did not change
those time points from outcome to outcome except for
postnatal care visits, for which we had to account for
the 6-week postnatal lag. Finally, our prediction 95%
ClIs for the hypothetical models are large and widen
as the predictions stretched beyond January 1, 2021,
the first interruption timepoint. Although not unex-
pected, because we were predicting beyond the data
range used for fitting the model, the widening predic-
tions mean considerable uncertainty exists regarding
our estimates of differences between counterfactual
model predictions and ITS regression fits. Those dif-
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ferences are reflected in the reported Cls but do not
mean that interpretation of those findings needs to be
nuanced, which affects all outcomes, but it is particu-
larly acute for the maternal death outcome.

In conclusion, we used an ITS model to investi-
gate the effects of the 2 most critical COVID-19 waves
on maternal and neonatal health indicators in Ma-
lawi, which might also apply to other countries in
sub-Saharan Africa. Further studies are needed to
comprehend the burden of COVID-19 on maternal,
neonatal, and child health outcomes. Nonetheless,
our findings demonstrate the need for strengthen-
ing maternal, neonatal, and child healthcare systems
to prepare for future pandemics, particularly in re-
source-constrained settings.
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Emergence of SARS-CoV-2
Delta Variant and Effect of
Nonpharmaceutical Interventions,
British Columbia, Canada

Y.L. Elaine Chan, Michael A. Irvine, Natalie Prystajecky, Hind Sbihi,
Marsha Taylor, Yayuk Joffres, Andrea Schertzer, Caren Rose, Louise Dyson,
Edward M. Hill, Michael Tildesley, John R. Tyson, Linda M.N. Hoang, Eleni Galanis

In British Columbia, Canada, initial growth of the SARS-
CoV-2 Delta variant was slower than that reported in
other jurisdictions. Delta became the dominant variant
(>50% prevalence) within ~7—13 weeks of first detection
in regions within the United Kingdom and United States.
In British Columbia, it remained at <10% of weekly in-
cident COVID-19 cases for 13 weeks after first detec-
tion on March 21, 2021, eventually reaching dominance
after 17 weeks. We describe the growth of Delta vari-
ant cases in British Columbia during March 1-June 30,
2021, and apply retrospective counterfactual modeling
to examine factors for the initially low COVID-19 case
rate after Delta introduction, such as vaccination cov-
erage and nonpharmaceutical interventions. Growth of
COVID-19 cases in the first 3 months after Delta emer-
gence was likely limited in British Columbia because
additional nonpharmaceutical interventions were imple-
mented to reduce levels of contact at the end of March
2021, soon after variant emergence.

hroughout the COVID-19 pandemic, SARS-CoV-2

variants have emerged through viral mutation.
Variants demonstrating an increase in transmissibil-
ity or virulence; changes in clinical manifestations;
or a decrease in the effectiveness of public health
measures, diagnostics, vaccines, or therapeutics are
designated variants of concern (VOCs) by the World
Health Organization (1). By June 2021, a total of 4
SARS-CoV-2 variants had been designated VOCs (1).

Designated a VOC in May 2021, Delta largely replaced
the earlier Alpha, Beta, and Gamma VOCs because of
its comparatively higher transmissibility (2). In India,
where it was first detected, Delta outcompeted Alpha
and drove an increase of COVID-19 cases beginning
in March 2021 (3). By mid-August 2021, Delta repre-
sented >90% of genetically sequenced SARS-CoV-2
samples submitted to GISAID (https://www.gisaid.
org), dominating on a global scale until its decline in
favor of Omicron beginning in December 2021 (4,5).

By March 1, 2021, British Columbia (2021 pop-
ulation 5,214,805), Canada, had reported >80,000
COVID-19 cases and detected Alpha, Beta, and Gam-
ma VOC cases among residents (6). The Delta VOC
was first detected in British Columbia during the
week of March 21, 2021, but did not grow to domi-
nance (>50% prevalence) until 17 weeks later, dur-
ing the week of July 18, 2021, after major relaxations
in public health measures, or nonpharmaceutical
interventions (NPIs).

Differences in factors such as NPIs, vaccination
rates, competing variants in circulation, and popu-
lation density and behavior may result in interjuris-
dictional differences in the transmission and growth
rates of variants (7-10). The initial growth and time to
dominance of Delta in British Columbia was slower
than in jurisdictions such as England, Scotland, and
several US states (7-10). In England, Delta grew to
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dominance ~10 weeks after the fifth case was detected
in mid-March 2021, reaching 62% prevalence among
sequenced cases by mid-May 2021 (7). In Scotland, the
Delta VOC rapidly replaced Alpha during April-May
2021 (8,9), and across 6 states in the United States, the
average time from first detection of Delta to its domi-
nance was ~10 weeks (71 days, range 54-92 days) (10).

British Columbia and England are adequately
comparable because they have universal healthcare
systems, similar population age distribution (median
age 42.8 years in British Columbia, 40 years for Eng-
land and Wales in 2021), and similar temperate cli-
mates within the main metropolitan areas. Of note,
key differences existed in public health policy and
vaccination coverage between British Columbia and
England around the time of Delta emergence; Eng-
land ultimately experienced both a shorter time to
dominance for Delta and higher subsequent growth
in COVID-19 incidence (Appendix Figure 1, https://
wwwnc.cde.gov/EID/article/29/10/23-0055-App1.
pdf). In British Columbia, circuit-breaker NPIs, in-
cluding restricting travel outside the region of resi-
dence unless essential; suspending indoor dining,
worship services, and adult group fitness activities;
and expanding mask requirements in schools to
younger age groups, were implemented on March 30,
2021, shortly after Delta variant was detected, in re-
sponse to rising numbers of Alpha and Gamma vari-
ant cases (11). Those measures supplemented existing
NPIs, which required physical distancing and masks
in all public indoor settings, restricted gatherings,
and encouraged workplaces to adopt remote working
conditions (Appendix Table 1). During March-June
2021, the 7-day rolling COVID-19 incidence rate per
100,000 population in British Columbia peaked at 21.8
in mid-April 2021 before decreasing to a low of 1.0 at
the end of June 2021.

Conversely, in the time surrounding Delta intro-
duction and initial growth, England was in the early
stages of reopening after lockdown and had begun
gradually relaxing measures, including reopening
schools to all students, replacing a stay-at-home or-
der with a recommendation to stay local, and step-
wise reopening of businesses and public buildings
(12) (Appendix Table 1). England observed an initial
decrease in its 7-day rolling COVID-19 incidence rate
per 100,000 population from 77.0 in March 2021 to
20.7 for the beginning of May 2021, before seeing a
substantial increase driven by Delta to 229.1 by the
end of June 2021 (13) (Appendix Figure 1).

However, population COVID-19 vaccine cover-
age also differed between British Columbia and Eng-
land; British Columbia had higher coverage among

2000

younger age groups (14,15). COVID-19 vaccination
coverage overall and for persons >45 years of age
were lower in British Columbia than in England dur-
ing March-June 2021, but rates of first-dose coverage
for persons 18-34 years of age in British Columbia
exceeded those in England by May 2021 (Appendix
Figure 2, panel A). Another key difference was the
vaccine product used: most vaccine doses adminis-
tered during March-June 2021 in British Columbia
were the mRNA-based BNT162b2 (Pfizer-BioNTech,
https:/ /www.pfizer.com) or mRNA-1273 (Moderna,
https:/ /www.modernatx.com), and most adminis-
tered in England were ChAdOx1 (Oxford-AstraZene-
ca, https:/ /www.astrazeneca.com) (16).

The first objective of this study was to describe
the emergence of the Delta VOC in British Columbia
with respect to the presence of competing variants
and case demographics, vaccination status, and travel
history. The second objective was, through counter-
factual modeling, to identify the main factors for the
initially low rate of COVID-19 transmission in Brit-
ish Columbia after Delta variant introduction. Using
England as the counterfactual scenario because of its
similarities with British Columbia and the availability
of public data from UK Health Security Agency, we
explored the effects of differences in the proportion
of Delta among all infections, public health measures,
and vaccine coverage and type on the modeled num-
ber of overall COVID-19 cases in British Columbia.

Methods

SARS-CoV-2 Lineage Data

In British Columbia, SARS-CoV-2 quantitative PCR
(qPCR) testing is offered by hospitals, private labo-
ratories, and the British Columbia Centre for Disease
Control (BCCDC) Public Health Laboratory (PHL),
which serves as the reference laboratory for the prov-
ince; VOC monitoring is performed primarily by the
BCCDC PHL. During March 1-May 29, 2021 (US
Centers for Disease Control and Prevention epide-
miologic weeks [epiweeks] 9-21), a combined VOC
testing strategy using both screening (i.e., targeted
VOC single-nucleotide variant qPCR) and whole-
genome sequencing (WGS) was applied to monitor
VOC prevalence in BC (Appendix Table 2). During
this period, the weekly percentage of samples under-
going VOC screening ranged from 80%-99% and the
percentage undergoing WGS ranged from 31%-79%.
During May 30-June 30, 2021 (epiweeks 22-26), WGS
was attempted for all samples; 69%-79% of all weekly
positive samples were successfully sequenced. VOC
case definitions are provided (Appendix Table 3).
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For samples that underwent both VOC screen-
ing and WGS, we used lineage results from WGS. We
included only samples with >85% sequence coverage
and no quality control flags in ncov-tools (https://
github.com/jts/ncov-tools). We classified cases as
having unknown lineage if samples did not undergo
VOC screening or WGS, were screened VOC-negative
or indeterminate and did not undergo WGS, or were
not screened and failed WGS.

Study Population

We linked COVID-19 case investigation and SARS-
CoV-2 lineage data by using the patient’s full name,
date of birth, and personal health number. We per-
formed linkage using SAS version 9.4 (SAS Insti-
tute Inc., https://www.sas.com). We included all
COVID-19 cases reported in British Columbia with
case investigation information and specimen collec-
tion during March 1-June 30, 2021. For records with
multiple specimen collection dates, we used the earli-
est positive date. For cases missing specimen collec-
tion date (n = 2,637; 4.0% of final study population),
we used symptom onset date, followed by date of
case report to the regional health authority. We per-
formed data cleaning, analysis, and figure creation
using R version 3.5.2 (The R Foundation for Statistical
Computing, https:/ /www.r-project.org).

Travel history information was collected during
routine case investigation. Information on internation-
al travel was supplemented by reason for testing re-
corded in the BCCDC PHL database (e.g., international
arrivals testing). Delta variant case-patients who had a
travel history outside British Columbia were assumed
to have acquired infection outside the province; those
cases were considered Delta introductions.

COVID-19 vaccination status at time of case detec-
tion was linked from British Columbia’s Provincial Im-
munization Registry using case identifiers. We consid-
ered case-patients fully vaccinated if symptom onset
(or positive specimen collection if the onset date was
not available) occurred >14 days after the second dose
of BNT162b2, mRNA-1273, or ChAdOx1; additional
doses were not yet approved or recommended during
the study period. Case-patients were considered par-
tially vaccinated if they were not fully vaccinated and
onset or specimen collection occurred >21 days after
first dose. Case-patients without any recorded vaccina-
tion or with onset or specimen collection <21 days after
the first dose were considered unvaccinated.

Counterfactual Modeling Methods
We implemented counterfactual modeling using
an established model of COVID-19 transmission
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dynamics in British Columbia (17). The model is an
adapted susceptible-exposed-infected-recovered com-
partmental ordinary differential equation model. Ad-
ditional modeled compartments included a quarantine
compartment and a proportion of the population that
participate in social distancing with analogous suscep-
tible-exposed-infected-recovered compartments for
the social distancing group. We used a Bayesian sta-
tistical model in the inference of the basic reproduc-
tive number, the fraction change in social distancing
between predefined breakpoints, and a dispersion pa-
rameter associated with a negative binomial term to
observed cases (17). We explored differences in the fol-
lowing factors on the modeled number of COVID-19
cases in British Columbia (Appendix Table 4).

Proportion of Delta variant Among All Infections

We extracted weekly data on the proportion of the
Delta variant among cases in England from the July
23, 2021, UK Health Security Agency report (18) and
included the proportion of all cases that were geno-
typed. Unlike in British Columbia, the proportion
of cases of Delta in England transitioned from <5%
to >80% during May-June 2021 (Appendix Figure 2,
panel B). We incorporated logistic functions repre-
senting the relative proportion of Delta to represent
the relative differences in growth between jurisdic-
tions. We directly incorporated that function into the
time-varying transmission term for each scenario,
representing the per-contact transmissibility increas-
ing in proportion to the changing composition of
variants. Because we used the sampled proportion
of Delta variant as input in the modeling, we did not
directly explore reasons for their differences between
jurisdictions within these scenarios.

Levels of Contact Leading to Transmission,

Guided by Changes in NPIs

We constructed the transmission scenario for Eng-
land on the basis of the fitted transmission estimate
for British Columbia. We applied an increase in trans-
mission rate to the England scenario after the March
30, 2021, circuit breaker measures were implemented
in British Columbia, considering that those NPIs like-
ly led to a reduction in cases in British Columbia but
similar measures were not in place in England (Ap-
pendix Figure 1).

Vaccination Coverage and Majority Vaccine

Product Administered

Data on age-dependent vaccination coverage extract-
ed from the UK Government COVID-19 dashboard
(15) (for England) and the Provincial Immunization
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Registry (for British Columbia) included vaccination
coverage by number of doses (1 or 2) and by age group
(12-17 years, 18-24 years, 10-year bands for 25-74
years, and >75 years) (Appendix Figure 2, panel A).
We derived parameters for estimated vaccine efficacy
on the Delta variant by product and dose on the basis
of previous values (Appendix Table 5) (12). To account
for differences in vaccination scheduling, we collected
data on proportion of vaccine coverage by first and
second dose by age group from both jurisdictions and
weighted them for British Columbia’s population.

We fitted the model using a variational Bayes
approach (17,19) to reported case data for British
Columbia during March 1, 2020-July 12, 2021, with
4 transmission segments covering the study period,
starting on January 25, March 29, April 5, and May 25,
2021 (Appendix Table 4). This work was conducted
under the public health surveillance mandate of the
BCCDC, and institutional review board approval was
not sought. The planning, conduct, and reporting of
this study was in line with the Declaration of Helsin-
ki, as revised in 2013.

Results
Delta VOC Emergence

A total of 66,247 COVID-19 cases were reported in
British Columbia during March 1-June 30, 2021; of

2002

those, 1,178 (1.8%) were Delta, 37,872 (57.2%) were
other VOCs (Alpha, Beta, or Gamma), 6,930 (10.4%)
were non-VOC, and 20,267 (30.6%) were of unknown
lineage. During the study period, Alpha and Gamma
were the most prevalent variants in British Columbia,
codominating from April (epiweek 13) onwards; Al-
pha reached 46.1% of weekly incident cases (51.6%
of cases with known lineage) during May 2-15 (epi-
weeks 18 and 19), and Gamma reached 40.0% of inci-
dent cases (48.8% of cases with known lineage) by the
end of June 2021 (epiweek 26) (Figure 1). The preva-
lence of Beta was negligible, accounting for <20 inci-
dent cases (<0.3%) per week.

The Delta VOC was first detected in British Co-
lumbia during epiweek 12; the earliest detected case
had a specimen collection date of March 21, 2021.
Delta case-patients were generally young (65.7%
<40 years of age), and a slightly higher percentage
were male than female (Table 1). Most Delta vari-
ant cases were in unvaccinated persons (83.2%), and
most (86.4%) were identified as Pangolin (20) lineage
B.1.617.2. The prevalence of the Delta variant reached
its highest point at the end of the study period; dur-
ing the last full epiweek (epiweek 25), 44 Delta cases
occurred, which represented 10.1% of incident cases
(12.9% of cases with known lineage) (Figure 1).

Overall, 14.2% (n=167) of Delta case-patients had
known history of travel outside BC; 91.6% (n = 153)

Figure 1. Percentage of COVID-19
cases by SARS-CoV-2 VOC
lineage (A) and by known versus
unknown lineage (B) reported

in British Columbia, Canada, by
epidemiologic week of specimen
collection, March 1-June 30, 2021
(n =66,247). Data are incomplete
for epiweeks 9 and 26 because

of study period date cutoffs. Beta
VOC cases are not displayed in
the top panel but are accounted for
in the rounded percentages; Beta
VOC cases did not account for >20
cases (<1% of cases with known
lineage) per week in BC during the
study period. COVID-19 cases of
unknown lineage included cases
with samples that did not undergo
targeted VOC single-nucleotide
variant (SNV) quantitative PCR
(gqPCR) screening or whole-
genome sequencing (WGS), were
negative or indeterminate on
VOC SNV gPCR screening and
did not undergo WGS, or did

not undergo VOC SNV qPCR
screening and failed WGS.

VOC, variant of concern.
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had traveled internationally and 8.4% (n = 14) had
traveled only within Canada. On the evening of April
22, 2021, a ban on all direct commercial and private
passenger flights from India and Pakistan was imple-
mented throughout Canada (21,22). Most (82.4%; n =
126) international travel-related introductions of the
Delta variant occurred before May 3, 2021 (account-
ing for day 10 postarrival qPCR testing for persons ar-
riving in Canada before April 23) (Figure 2). At least
half (50.8%; n = 64) of international travel-related
Delta cases with specimen collection date before May
3, 2021, were in persons arriving from India, whereas
2 (7.4%) of 27 international travel-related Delta cas-
es with specimens collected on or after May 3, 2021,
were in persons who were known to have traveled
from India (Table 2).

Counterfactual Modeling

Vaccine scheduling and coverage (i.e., timing of vacci-
nation campaign rollout and percentage of population
vaccinated) equivalent to that in England resulted in
a lower counterfactual COVID-19 case rate in British
Columbia than was observed across the study period,
irrespective of vaccine product, NPIs, or proportional
growth of the Delta variant (Figure 3; Appendix Fig-
ure 2). Modeled COVID-19 cases lowered further un-
der the counterfactual scenario in which England’s
vaccine scheduling/coverage was combined with the
British Columbia majority vaccine product. Within
all NPI and proportion-of-Delta scenarios examined,
modeled cases were lowest under England’s vaccina-
tion scheduling/coverage combined with British Co-
lumbia’s majority vaccination product (BNT162b2/
mRNA-1273) and highest under British Columbia’s
vaccination coverage with England’s majority vacci-
nation product (ChAdOx1) (Figure 3).

Modeling indicates that, without the additional
NPIs implemented at the end of March 2021 in Brit-
ish Columbia (Figure 3, panels A, C), a substantially
higher COVID-19 caseload would have occurred in
British Columbia under the province’s vaccination
schedule and coverage, especially if the proportional
increase in Delta cases that occurred in England had
occurred in British Columbia (Figure 3, panel A).
Under England’s vaccine scheduling and coverage,
modeled British Columbia cases were still higher than
those reported from June 2021 onward without Brit-
ish Columbia’s additional NPIs if England’s propor-
tional increase of Delta had occurred (Figure 3, panel
A). In the counterfactual scenario in which England’s
proportional increase of Delta occurred in the context
of British Columbia’s NPIs and vaccine coverage (Fig-
ure 3, panel B), modeled COVID-19 case rates were
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Table 1. Pangolin lineage and patient demographics, vaccination
status, and travel history for 1,178 SARS-CoV-2 Delta variant of
concern cases reported in British Columbia, Canada, March 1-
June 30, 2021

Characteristic No. (%) Delta cases
Pangolin lineage*
B.1.617.2 1,018 (86.4)
AY.18 44 (3.7)
AY.15 30 (2.5)
AY.10 22 (1.9)
AY.93 20 (1.7)
Other AY lineages 44 (3.7)
Patient demographics
Age group, y
<20 261 (22.2)
20-39 513 (43.5)
40-59 248 (21.1)
60-79 118 (10.0)
>80 38 (3.2)
Sex
F 553 (46.9)
M 622 (52.8)
Unknown 3(0.3)
Vaccination statust
Fully vaccinated 30 (2.5)
Partially vaccinated 168 (14.3)
Unvaccinated 980 (83.2)
Travel history
International travel 153 (13.0)
Domestic travel outside BC 14 (1.2)
No known travel or only within BC 1011 (85.8)

*Pangolin version 4.0.5, Usher version 1.6, Pango version 1.6 (20). BC,
British Columbia.

tUnadjusted proportions; vaccination status shown was at time of
symptom onset or specimen collection. Patients were considered fully
vaccinated if symptom onset (or positive specimen collection date if onset
not available) occurred >14 d after second dose of BNT162b2 (Pfizer,
https://www.pfizer.com), mRNA-1273 (Moderna,
https://www.modernatx.com), or ChAdOx1 (AstraZeneca,
https://www.astrazeneca.com). Patients were considered partially
vaccinated if not fully vaccinated and onset/specimen collection date
occurred >21 d after first dose. Persons without any recorded vaccine
dose or with onset/specimen collection date <21 d after first dose were
considered unvaccinated.

only slightly higher than reported and much lower
than without British Columbia’s NPIs (i.e., compared
with Figure 3, panel A). Modeled COVID-19 case
rates were lowest under British Columbia’s NPI sce-
nario and proportional increase of Delta across all
vaccination scenarios (Figure 3, panel D).

Discussion

The Delta VOC was first detected in British Columbia
during March 21-27, 2021 (epiweek 12); the earliest
cases were linked to international travel. Although
the Delta variant had already been seeded in the com-
munity by the time the countrywide travel ban on
direct flights to Canada from India was put in place
(21), the ban appears to have reduced the number of
travelers arriving from countries affected early by
the Delta variant, thereby decreasing additional in-
troductions (23). This targeted approach might have
helped to slow early Delta variant growth in British
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Figure 2. Epidemiologic curve of
SARS-CoV-2 Delta VOC cases
in British Columbia, Canada, by
patient travel history, March 1—
June 30, 2021 (n = 1,178). Delta
VOC cases classified as having
no known travel include 8 cases
with missing travel information.
Effective at 8:30 p.M. on April
22,2021 (labeled as April 23

on figure), the government of
Canada implemented a ban on
all direct commercial and private
passenger flights from India and
Pakistan (21). The travel ban on
direct flights from India remained
in effect for the rest of the

study period, whereas the ban
on direct flights from Pakistan
was in effect until June 21,

2021 (21,22). Travelers arriving before the federal travel ban were required to complete day 10 postarrival gPCR testing; as a result,
travelers arriving before April 23 might have had specimens collected up to May 2, 2021. BC, British Columbia; gPCR, quantitative

PCR; VOC, variant of concern.

Columbia, allowing time to increase population vac-
cination coverage (23).

Most Delta variant case-patients in our study
were unvaccinated; 14% were partially vaccinated
and 3% were fully vaccinated. Those proportions are
reflective of the study period, during which the vac-
cination campaign in British Columbia was primar-
ily focused on first dose rollout: population dose 1
coverage in British Columbia increased from 5% to
77% during the study period, but dose 2 coverage
had only reached 28% by the end of the study. In
British Columbia, vaccination rollout was primarily
prioritized by age (14) and most Delta case-patients
were young (<40 years). Studies have shown reduced
vaccine effectiveness against symptomatic infection
or high viral burden for Delta compared with Alpha
(24,25), reiterating the importance of maximizing
multidose coverage to improve conferred protection.
On the basis of our counterfactual model, earlier pop-
ulation vaccine rollout akin to that done in England,
which resulted in higher population dose 1 coverage
(39%) by the start of the study period and 57% dose

2 coverage by the end (15), would likely have further
decreased COVID-19 cases in British Columbia over
the study period.

Our counterfactual modeling results suggest that
the restrained early growth of COVID-19 cases in Brit-
ish Columbia after Delta was introduced was mainly
because of decreased rates of contact from additional
NPIs implemented 9 days after the first Delta case was
detected, rather than from higher dose 1 vaccine cov-
erage among younger persons or use of mRNA-based
vaccines in British Columbia. Our findings are in line
with those of McCrone et al. (26), who found that the
key predictor for higher Delta growth rates between re-
gions in England was increased levels of contact from
population mobility and mixing because of the relax-
ation of NPIs. Results from a survey on behavioral and
contact patterns in British Columbia (27) indicate that,
whereas rates of contact during March-May 2021 either
decreased or remained steady for all ages, contact rates
increased in all age groups other than persons >65 years
of age beginning in June 2021, coinciding with British
Columbia’s phased reopening (Appendix Figure 3).

Table 2. Information on country of origin for 153 SARS-CoV-2 Delta variant of concern cases reported in British Columbia, Canada,
with known history of international travel in periods before and after travel ban and overall, March 1-June 30, 2021

No. (%) Delta cases with international travel history

Country of origin Pre—travel ban period* Post-travel ban periodt Overall

India 64 (50.8) 2(7.4) 66 (43.1)
Other country 11 (8.7) 15 (55.6) 26 (17.0)
Missing information 51 (40.5) 10 (37.0) 61 (39.9)
Total for all Delta cases 126 (45.2) 27 (3.0) 153 (13.0)

*The Canadian travel ban on direct flights from India and Pakistan was implemented on the evening of April 22, 2021. Persons arriving in Canada before
April 23, 2021, completed quantitative PCR testing 10 d after arrival. Therefore, pre—travel ban cases include Delta variant cases with specimen collection
during March 21-May 2, 2021.

tDelta variant cases with specimen collection during May 3—June 30, 2021.
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Figure 3. Retrospective counterfactual modeling of COVID-19 transmission in BC, Canada, March 1-June 30, 2021, compared with
information from England. Model fitting for March 1, 2020, to July 12, 2021. A) England public health measures and proportion of
Delta; B) BC public health measures and England proportion of Delta; C) England public health measures and BC proportion of Delta;
D) BC public health measures and proportion of Delta. Each panel represents transmission scenarios derived from 1,000 variational
Bayes samples, where measures that affect transmission and the proportion of Delta are reflective of BC or England. Each median
line and 90% projection interval shading within each panel represents the vaccination scenario (i.e., population vaccine coverage

and majority vaccine product of BC or England). The reported COVID-19 cases for BC are overlaid on each figure as white circles.

BC, British Columbia.

Numerous studies have found NPIs to be associ-
ated with reduced COVID-19 transmission and there-
by reduced illness, deaths, and strain on healthcare
systems (23,28). Indeed, after a new phase of reopen-
ing began in British Columbia on July 1, 2021, includ-
ing lifting the mask mandate for public indoor spaces
and permitting countrywide recreational travel (Ap-
pendix Table 6) (29), British Columbia experienced a
sharp rise in COVID-19 cases (Appendix Figure 4). In
the weeks after July 1, 2021 (epiweek 26), a fourth wave
of COVID-19 cases occurred in British Columbia, even
though population vaccination coverage continued to
increase. That wave was driven by the Delta variant,
which rapidly grew to dominance, increasing to >70%
of weekly incident COVID-19 cases by epiweek 29 (3
weeks later) and >85% by epiweek 30.

The Delta variant was first introduced at a time
when British Columbia was experiencing a rise in
Alpha and Gamma VOC cases, which required ad-
ditional NPIs. Dominance of the Delta variant over
previous VOCs has been widely reported (3,7,8), but
the codominating Alpha and Gamma VOCs in circu-
lation at the time of Delta introduction might have
also helped to slow Delta’s initial growth in British
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Columbia (30,31), which warrants further explora-
tion. A limitation of this study is that the transmission
model used is not multistrain but rather incorporates
the increased transmissibility of a variant through
modifying the time-varying per-contact transmis-
sibility term to account for increasing prevalence of
a more transmissible variant. As such, the time to
dominance of a variant is fixed a priori and is not
changed by model dynamics; the effect of precircu-
lating strains cannot be fully assessed. The counter-
factual model was instead intended to elucidate the
effects of the change in the proportion of Delta on the
number of reported COVID-19 cases.

Our counterfactual model used a simple modifica-
tion of the rate of transmission to compare NPIs be-
tween British Columbia and England; other differenc-
es between the 2 jurisdictions that might have an effect
on intercountry comparisons (e.g., demographics and
contact patterns) were not considered. Rate of contact
and probability of transmission per contact are highly
dependent on population density and demographics,
social factors, and geographic variation, which were
not explicitly captured within these scenarios but were
instead fitted to British Columbia reported case data
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for the 2 transmission scenarios. Hence, the counterfac-
tual model used does not allow for direct comparison
of NPI strategies between jurisdictions. Comparison of
COVID-19 cases and VOC growth between jurisdic-
tions is further affected by differences in PCR testing
rates, as well as VOC detection methods and approach.
In this study, we assumed that testing rates were con-
sistent over the study period in each jurisdiction; test-
ing rates in British Columbia (14) and England (32) did
not vary dramatically over this time, indicating rela-
tively consistent case-finding.

In conclusion, spread from returning travelers
resulted in community transmission of the emergent
Delta VOC in British Columbia beginning in mid-to-
late March 2021. However, growth of COVID-19 cas-
es in the initial 3 months after Delta was detected was
likely restrained because additional NPIs were imple-
mented soon after variant introduction, including re-
stricting interregional travel and expanding manda-
tory masking in schools to younger age groups. Our
findings highlight the capacity of NPIs to reduce the
spread of COVID-19, including highly transmissible
variants such as Delta. Maximizing population-level
COVID-19 vaccine coverage reduces rates of illness
and death and is essential for return to prepandemic
ways of life. However, NPIs remain vital for prevent-
ing COVID-19-associated burden, especially in the
face of variants capable of vaccine escape. Future
work should examine the effectiveness of different
NPI strategies and the timing of implementing or re-
laxing NPIs in the context of vaccine coverage, vari-
ant-specific vaccine effectiveness, and public accep-
tance. Identifying the best balance of NPIs to achieve
least restrictive means will minimize unintended so-
cial, economic, and health-related harms.
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Community Outbreak of
Pseudomonas aeruginosa
Infections Associated with

Contaminated Piercing Aftercare

Solution, Australia, 2021

Benjamin T. Trevitt, Anthea L. Katelaris, Catherine Bateman-Steel,
Sandra Chaverot, Sinead Flanigan, Toni Cains, Elena Martinez, Andrew Ginn,
Vitali Sintchenko, Arthur Jones, Kishen Lachireddy, Mark J. Ferson, Vicky Sheppeard

In April 2021, the South Eastern Sydney Local Health
District Public Health Unit (Sydney, New South Wales,
Australia) was notified of 3 patients with Pseudomonas
aeruginosa infections secondary to skin piercings per-
formed at the same salon. Active case finding through
laboratories, clinician alerts, and monitoring hospital
visits for piercing-related infections identified additional
cases across New South Wales, and consumers were
alerted. We identified 13 confirmed and 40 probable
case-patients and linked clinical isolates by genomic
sequencing. Ten confirmed case-patients had used the
same brand and batch of aftercare solution. We isolated
P. aeruginosa from opened and unopened bottles of this
solution batch that matched the outbreak strain identi-
fied by genomic sequencing. Piercing-related infections
returned to baseline levels after this solution batch was
recalled. Early outbreak detection and source attribution
via genomic sequencing are crucial for controlling out-
breaks linked to contaminated products. Manufacturing
standards for nonsterile cosmetic products and guid-
ance for piercing aftercare warrant review.

poradic bacterial infections are a relatively com-
mon occurrence after nonmedical body piercing
procedures, such as ear piercing (1). Localized in-
fections occur at 10%-30% of new piercing sites (1),
most commonly caused by Staphylococcus aureus,

Streptococcus pyogenes, or Pseudomonas aeruginosa
(2). Complications of piercing-related infections can
range from minor superficial skin infections to ab-
scess formation and necrosis requiring surgical inter-
vention (2). Severe infections tend to occur in more
avascular areas, such as auricular cartilage (2).

P. aeruginosa is a gram-negative bacterium com-
monly found in natural and built wet environments
(3) and is a well-established cause of sporadic pierc-
ing-related infections. Infections tend to occur (on
average) 2-4 weeks after piercing procedures (4) and
have historically been attributed to exposure of pierc-
ing sites to swimming pools and fresh water, lack of
adequate preoperative/intraoperative antisepsis of
piercing sites, poor hand hygiene, and using contami-
nated solutions during or after piercing procedures
(3,5-8). However, limited reports exist on P. aerugi-
nosa infection outbreaks related to piercing (3,9)

In late April 2021, the South Eastern Sydney Lo-
cal Health District Public Health Unit in Sydney,
New South Wales (NSW), Australia, was notified by
an ear, nose, and throat clinician that 3 patients had
sought treatment for P. aeruginosa infections at 2 lo-
cal hospital emergency departments after ear pierc-
ings. All piercings took place on April 1, 2021, at a
newly opened skin penetration facility located in
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southeastern Sydney. The identical pathogen, pierc-
ing date, and salon used by those 3 clients prompt-
ed an investigation into a potential common source.
Environmental health officers initially inspected the
implicated facility but did not find any store-specific
practices or deficiencies that might have increased
risk for piercing-related infections. We describe the
methodology and outcome of this P. aeruginosa infec-
tion investigation, control measures implemented,
and lessons learned.

Methods

Initial Case Definitions

We initially used broad case definitions to increase the
sensitivity of active case finding. We defined a con-
firmed case-patient as a person who had a P. aerugino-
sa infection after a recent ear piercing and a probable
case-patient as a person who had no cultures taken
or no culture growth but had attended the implicated
facility or other facilities of the same franchise or had
used the same brand of aftercare solution.

Emergency Department Syndromic Surveillance

The NSW Public Health Rapid Emergency, Disease,
and Syndromic Surveillance (PHREDSS) system
monitors treatment sought at most public hospital
emergency departments in the state in near-real time
(10). Patients are coded according to their illness and
discharge destination (e.g., admitted or discharged
home) (10). We identified possible infection cases at
hospitals via PHREDSS by using keyword searches of
triage text: (infect* | cellulitis*) and (earring* | earing*
| pierc* | peirc¥).

Initial Investigations

We obtained details of procedures performed on
confirmed case-patients, aftercare solutions used,
notifications and complaints, and client lists from
the initially implicated piercing salon. We identified
additional cases of piercing-related infections in resi-
dents of greater Sydney, Wollongong, and Newcastle
by examining the PHREDSS database.

Statewide Investigations and Case Finding

Beginning on April 30, 2021, weekly PHREDSS line
lists of emergency department visits and admissions
for piercing-related infections were provided to other
public health units (PHUs) across NSW. We asked
PHUs to review the medical records of patients on
the PHREDSS list who were within their local health
district and to contact patients who had positive P.
aeruginosa cultures from clinical swab samples; PHUs
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gathered demographic and hospitalization data, de-
termined when and where the patients had their pierc-
ing performed, and what aftercare solution (brand
and batch) they had used. We also asked PHUs to ob-
tain any available bottles of aftercare solution(s) used
by the patient for laboratory testing. We alerted other
states about the outbreak in NSW and asked them to
report any confirmed or probable cases.

Microbiological Investigations and

Whole-Genome Sequencing

Environmental health officers collected environmen-
tal samples and samples of aftercare solutions from
the initial piercing salon for culture. We submitted
specimens from case-patients and from opened and
unopened bottles of aftercare solution to the Institute
of Clinical Pathology and Medical Research-NSW
Health Pathology for culturing and bacteria identi-
fication; positive culture isolates underwent whole-
genome sequencing (WGS) by using the Illumina
NextSeq platform (Illumina Corp., https://www.
illumina.com), and their core genome multilocus se-
quence types (STs) were determined (11,12).

Ethics

This study was conducted as a public health investi-
gation under the NSW Public Health Act 2010. There-
fore, ethics approval was not required.

Results

The initial implicated facility was part of a nation-
wide franchise of piercing salons (franchise A), and
this particular salon had opened on April 1, 2021,
offering half-price piercings. The salon chain used
Protat aftercare solution (Protat Tattoo Supplies,
https:/ /www.protatsupplies.com.au) from a single
supplier. Unlike some aftercare solutions, Protat
consists of natural preservatives, such as aloe vera,
grapefruit seed extract, and Melaleuca alternifolia leaf
oil, as well as saline containing benzalkonium chlo-
ride, which acts as an antimicrobial agent (13). The
franchise’s usual practice was to apply Protat imme-
diately after piercing from a bottle that was then of-
fered to the client to take home (the same bottle was
not used for >1 client).

Descriptive Epidemiology

PHREDSS time series data showed an increase in
emergency department visits for piercing infections
in NSW beginning in April 2021 (Figure 1). Using the
PHREDSS line lists, we identified 251 persons with a
piercing-related infection via active case finding; 62 of
those had P. aeruginosa-positive cultures.
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Figure 1. Weekly emergency department visits across New South Wales, Australia, by patients with piercing-site infections during 2016—
2021 compiled for study of community outbreak of Pseudomonas aeruginosa infections associated with contaminated piercing aftercare
solution. Data on emergency department visits and admissions for piercing-related infections were obtained from the New South Wales,
Australia, Public Health Rapid Emergency, Disease, and Syndromic Surveillance system.

We sent samples from 15 previously opened bot-
tles of Protat aftercare solution retrieved from case-
patients for microbiological testing. Samples from 10
Protat bottles with the implicated batch number were
tested; 9 were positive for P. aeruginosa, and 1 had
no bacterial growth. The implicated batch had a use
by date of October 1, 2023, and had been supplied to
tattooing and piercing establishments during Febru-
ary 16-May 11, 2021 (14). Samples from 5 additional
Protat bottles with different batch numbers were also
tested and had no bacterial growth (Table 1).

We retrieved 11 unopened bottles of Protat after-
care solution from various chain stores in Sydney and
Wollongong on May 14, 2021 (9 with the implicated
batch number and 2 with different batch numbers).
Samples from 3 unopened bottles of the implicated
batch were positive for P. aeruginosa (850-2,000 CFU/
mL); the remaining bottles had no growth Table 1).
We received additional samples from 48 unopened
Protat aftercare bottles with the implicated batch
number from South Australia; 10 of those bottles
were cultured and had no bacterial growth.

WGS was performed for 28 bacteria isolates (16
isolates from clinical samples, 3 from unopened bot-
tles of Protat aftercare solution, and 9 from opened
bottles of Protat aftercare solution); 27 of those

Table 1. Pseudomonas aeruginosa detection rates in opened
and unopened product bottles in study of community outbreak
of infections associated with contaminated piercing aftercare
solution, Australia, 2021*

No. bottles No. (%) positive
Source tested bottles
Opened bottles 15 9 (60)
Implicated batch 10 9 (90)
Other batch 5 0
Unopened bottles 11 3(27)
Implicated batch 9 3(33)
Other batch 2 0
Total 26 12 (46)

*No. (%) positive bottles indicates positive growth of P. aeruginosa after
sampling and culture. Solution was manufactured by Protat Tattoo
Supplies (https://www.protatsupplies.com.au).

2010

isolates were P. aeruginosa and belonged to ST988.
ST988 is a rare type that has not been identified pre-
viously in local isolate collections. Analysis identi-
fied 0-9 single-nucleotide polymorphism differences
between the 27 isolate genomes (sequences with <25
single-nucleotide differences were regarded as a ge-
nomically linked cluster). Cluster analysis showed
that all 27 submitted ST988 isolates were genomically
linked. The remaining P. aeruginosa isolate was from
a clinical sample and belonged to ST247 (Figure 2).

In total, we identified 13 case-patients who had
P. aeruginosa-positive clinical isolates belonging to
ST988 (2 case-patients had clinical samples taken
from 2 different sites). Of the 13 case-patients with
ST988 P. aeruginosa infections, 10 had used the impli-
cated batch and 1 had used 2 different batches of Pro-
tat aftercare solution; information was not available
for 2 cases. The case-patient with ST247 P. aeruginosa
infection had used a different aftercare solution batch.

We reinterviewed the case-patient who reported
using 2 different batches of Protat aftercare solution
to confirm batch numbers. That case-patient had pur-
chased those bottles 6 and 12 months earlier after
other piercings and confirmed that additional after-
care solutions had not been purchased at the time of
the latest piercing. However, a product was used in-
store on their ear during the piercing procedure, and
the case-patient was likely exposed to the implicated
batch at that time.

Outbreak Case Characteristics

After receiving the WGS analyses, we refined case
definitions to be more specific. We used the con-
firmed case definition to determine associations with
the suspected product, whereas the other case defi-
nitions tracked case incidence over time and assisted
with ongoing case finding. We defined a confirmed
case as a person in Australia with a body piercing
infection caused by P. aeruginosa who had a piercing
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Figure 2. Phylogenetic analysis
of Pseudomonas aeruginosa
isolates collected in New South
Wales in study of community
outbreak of P. aeruginosa
infections associated with
contaminated piercing aftercare
solution, Australia, 2021.
Whole-genome sequencing was
performed, and single-nucleotide
polymorphisms were identified
for 27 P. aeruginosa isolates
from clinical specimens and
opened or unopened bottles of
Protat aftercare solution (Protat
Tattoo Supplies, https://www.
protatsupplies.com.au). Cluster
analysis showed that all 27
sequences were genomically
linked and belonged to sequence
type 988. Reference indicates

a representative sequence type
988 obtained from GenBank that
was included in the analysis for

Pseudomonas aeruginosa Associated with Piercing

comparison. The branch marked SRR13617252 indicates the P. aeruginosa mapping reference genome from the National Center
for Biotechnology Information Sequence Read Archive database (https://www.ncbi.nlm.nih.gov/sra). Scale bar indicates nucleotide

substitutions per site.

date after February 1, 2021, and ST988 detected in a
clinical isolate. We defined a probable case either if
a person in Australia had a body piercing infection
caused by P. aeruginosa who had a piercing date after
February 1, 2021, at a franchise A store but sequenc-
ing and typing data for a clinical isolate were not
available; or the person had used Protat aftercare so-
lution; or P. aeruginosa ST988 had been isolated from
their aftercare product (regardless of store attended
or product used). We defined a possible case as a per-
son in Australia with a body piercing infection caused
by P. aeruginosa who had a piercing date after Febru-
ary 1, 2021, but the piercing store was not a franchise
A store and the aftercare product used was not Protat;
a possible case was also defined as a person in Aus-
tralia with a body piercing infection from which cul-
ture specimens were not collected or results were not
available or had no bacterial growth, and the piercing
was done at a franchise A store or the person used
Protat aftercare solution. We defined a suspected case
as a person in Australia with a body piercing infec-
tion caused by P. aeruginosa who had a piercing date
after February 1, 2021, but the piercing location or
aftercare product used was not known; a suspected
case was also defined as a person in Australia with a
body piercing infection and piercing date after Febru-
ary 1, 2021, but culture specimens were not collected
or had no bacterial growth and the piercing site or
use of aftercare solution was either not yet known, the
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store was not a franchise A store, or Protat aftercare
solution was not used.

Of the 251 case-patients with piercing-related in-
fections, 13 were confirmed, 40 were probable, 9 were
possible, and 189 were suspected cases. Confirmed
and probable cases predominantly comprised female
patients (48/53, 91%) with a median age of 19.6 (range
15.5-59.6) years; 80% of those resided in metropoli-
tan Sydney, Wollongong, or Newcastle. The median
number of days between the piercing date and emer-
gency department visit was 15 (range 3-35) days.

A higher percentage of confirmed and probable
case-patients (30/53, 57%) required hospital admis-
sion compared with possible and suspected cases
(9/198, 5%). In addition, confirmed and probable
case-patients were more likely to have had piercings
in cartilaginous areas, such as the tragus or helix,
than possible and suspected cases and were much
less likely to have been pierced in the earlobe or other
noncartilaginous areas. We observed only minor dif-
ferences in age, gender, and time (from piercing pro-
cedure to emergency department visit) between the
confirmed/ probable and possible/suspected groups.
(Table 2)

All 13 confirmed case-patients attended either
the initial implicated piercing facility or another fran-
chise A facility and used Protat aftercare solution
(Table 3). Of those, 10 case-patients were able to state
specifically that they used the implicated batch of
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Table 2. Differences in demographics, hospital admission status, and piercing characteristics according to case classification in
study of community outbreak of Pseudomonas aeruginosa infections associated with contaminated piercing aftercare solution,

Australia, 2021*

Confirmed or Possible or Total no. (%)

Characteristics probable cases suspected cases cases
Patient age, y, mean +SD 23.6 +10.2 21.9 +135 22.3+12.8
Patient sex

F 48 (90.6) 175 (88.4) 223 (88.8)

M 5(9.4) 23 (11.6) 28 (11.2)
Piercing site

Ear, tragus/antitragus 2(3.8) 5(2.5) 7(2.8)

Ear, helix/antihelix 18 (34.0) 26 (13.1) 44 (17.5)

Ear, lobule 4 (7.6) 51 (25.8) 55 (21.9)

Ear, not specified 28 (52.8) 79 (39.9) 107 (42.6)

Othert 1(1.9) 37 (18.7) 38 (15.1)
Hospital admission status

Admitted 30 (56.6) 9 (4.6) 39 (15.5)

Discharged 23 (43.4) 189 (95.5) 212 (84.5)
No. days from piercing to hospital visit, mean +SD% 14.1 47.2 14.7 49.8 14.4 +9.1

*Values are no. (%) except as indicated.
tIncludes breast, lip, nostril, and tongue.

FNumber of days could only be retrieved for a subset of case-patients through patient interviews and hospital records (n = 32 for confirmed or probable

cases, n = 75 for possible or suspected cases).

Protat aftercare solution; 1 stated that the Protat af-
tercare solution they had used came from a different
batch, and 2 stated they had used Protat aftercare so-
lution postpiercing but were unable to identify the
batch number. The case-patient who claimed to have
used a different batch of Protat aftercare solution was
likely administered the implicated batch immediately
after piercing in the store (Table 3).

Outbreak Control Measures
On May 4, after identifying several additional P. aeru-
ginosa piercing-related infections in clients who had
attended franchise A stores across multiple NSW lo-
cal health districts, the implicated franchisee agreed
to cease using and selling Protat aftercare solution
pending further investigation. NSW Health issued
a clinician alert on May 13 to advise of an increase
in hospital admissions because of P. aeruginosa infec-
tions after piercing procedures and to encourage cli-
nicians to consider P. aeruginosa in patients with infec-
tions at piercing sites.

After confirmation of the presence of P. aerugi-
nosa in unopened bottles of Protat aftercare solution,

the distributor/manufacturer issued a voluntary re-
call of the contaminated batch from market shelves
on May 14 and issued a product recall media release
on May 31. On June 1, the Australian Competition
and Consumer Commission published a recall no-
tice for the implicated batch (14), which had been
supplied to franchise A stores in NSW, Queensland,
Victoria, and South Australia, as well as other tat-
tooing and piercing establishments in all states of
Australia and New Zealand. The commission also li-
aised with overseas regulators about the safety recall
in Australia (14).

On May 28, after performing their own inde-
pendent review, the manufacturer informed NSW
Health that production/processing pathway testing
of the implicated batch had detected a positive total
microbial count, and results were PCR positive for
P. aeruginosa. Root cause analysis conducted by the
manufacturer identified several potential opportuni-
ties for contamination during manufacturing: han-
dling of raw materials used for the manufacture of
the product might have been compromised; flushing
of the previous product out of the filling system

Table 3. Aftercare type and batch for confirmed and probable cases in study of community outbreak of Pseudomonas aeruginosa
infections associated with contaminated piercing aftercare solution, Australia, 2021*

Source Confirmed cases Probable casest Confirmed and probable casest
Protat 13 (100) 34 (85) 47 (89)
Implicated batch 10 20 30
Other batch 1 1 2
Unknown batch 2 13 15
Other brand 0 2 (5) 2(4)
Not contactable 0 4 (10) 4 (8)
Total 13 (100) 40 (100) 53 (100)

*Values are no. (%). Implicated solution was manufactured by Protat Tattoo Supplies (https://www.protatsupplies.com.au).
TCase definitions for probable cases include Protat aftercare use for franchise A piercings; this case definition was used to help monitor the burden of
disease during this outbreak and monitor the involvement of batches other than the implicated batch.

2012
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Figure 3. Timeline of key events during the community outbreak of Pseudomonas aeruginosa infections associated with contaminated
piercing aftercare solution, Australia, 2021. Graph shows weekly numbers of P. aeruginosa infections in New South Wales during 2017—
2022. Specific key events are shown for the 2021 outbreak of piercing-related P. aeruginosa infections. ACCC, Australian Competition
and Consumer Commission; SESPHU, South Eastern Sydney Public Health Unit.

might not have been performed sufficiently; the spray
ball in the mixing tank might have been contaminat-
ed; the mixing tank’s lid might have been left open
and unattended, potentially introducing contamina-
tion through water droplets; and the flow plate for
tanks might have been contaminated when transfer
connectors were switched between tanks. In addition,
the prescribed microbial testing for this product was
suspected to be insufficient.

In response to the contamination, the manufac-
turer began preservative challenge testing on the
product formula; increased microbial testing for op-
portunistic pathogens, including P. aeruginosa, S. au-
reus, and Candida spp.; and performed antimicrobial
disinfectant fogging of the manufacturing facilities.
They also planned to take additional preventive ac-
tions to address the risk for future contamination,
such as reassessing cleaning and hygiene procedures
and maintenance and operation of equipment and
parts; providing refresher training for all manufactur-
ing and production operators, emphasizing vigilance
and aseptic techniques; and potentially reformulating
the product on the basis of challenge test results. The
effect of the outbreak control measures was evident in
the decline in emergency department visits beginning
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in late May 2021 and their return to baseline levels by
mid-June 2021 (Figure 3).

Discussion

We found microbiological, environmental, and epide-
miologic evidence linking a single batch of aftercare
solution to a piercing-related P. aeruginosa infection
outbreak across NSW during April-June 2021. The
distinct whole-genome sequence type shared by 27
isolates from various sources, including clinical speci-
mens and aftercare solution samples (both client-used
and unopened bottles), established a single common
source for this outbreak. Therefore, we successfully
used WGS to establish a causative link between an
aftercare product and a piercing-related P. aeruginosa
infection outbreak.

Piercing-related P. aeruginosa infection out-
breaks associated with aftercare solutions have been
reported previously (3,5,9). In a 2016 outbreak in
England, variable-number tandem-repeat (VNTR)
typing was used to identify isolates from clinical
samples collected from suspected case-patients and
from environmental samples (opened and unopened
bottles of aftercare solutions) to investigate possible
links (5). The VNTR type for cases connected to that
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2016 outbreak differed from cases unrelated to the
outbreak and matched the VNTR type of isolates
found in bottles of aftercare solution (5). In anoth-
er outbreak in 2016 linked to a northwestern Eng-
land piercing event, VNTR typing was also used to
identify isolates from clinical samples of suspected
case-patients, which matched isolates from water
samples collected from the premises (9). Molecular
subtyping was used to investigate an outbreak at an
Oregon, USA, jewelry store in 2004 and successfully
linked isolates from case-patients with P. aeruginosa
piercing-related infections to isolates retrieved from
a disinfectant bottle, as well as to isolates recovered
from 2 workers and from wastewater located be-
neath sinks in the store (3).

Early recognition of the NSW outbreak and its
subsequent effective management were partially at-
tributed to the astuteness of the clinician who recog-
nized and reported the cluster of P. aeruginosa pierc-
ing-related infections. Had this report not occurred,
the outbreak might have gone unrecognized, and the
cause might not have been identified as quickly, giv-
en that cases were dispersed geographically and the
emergency department syndromic surveillance system
was not routinely reviewed for this clinical syndrome.
Furthermore, the successful investigation drew on the
strengths of the NSW Public Health Network, which
has conducted longstanding, real-time centralized
surveillance of emergency departments, other health
facilities, and public health units dispersed across the
state. The network is well-placed to interact effectively
with local patients and clinicians and also highlights
effective coordination between clinical, public health,
laboratory, and regulatory teams.

The first limitation of our study is that not all sus-
pected case-patients had clinical isolates collected and
not all probable cases had isolates retained for further
characterization. Second, not all consumers had kept
their bottles of aftercare solution or could recall the
brand or batch number. Third, not all emergency de-
partments in NSW are covered by PHREDDS; thus,
some cases might have been missed. Nevertheless,
sufficient evidence was available to issue timely clini-
cian and consumer alerts and, eventually, a product
recall, which prevented further infections.

Multiple outbreaks of P. aeruginosa infections
from at least 2 continents have been caused by
piercing aftercare products, suggesting that high-
er manufacturing standards might be required
for such solutions. In Australia, although they
are applied to recently penetrated skin, aftercare
solutions are generally not regulated as therapeutic
goods (15). Consumers expect aftercare solutions to

2014

be sterile, yet manufacturing processes reviewed in
this investigation indicated that sterility could not
be assured despite the manufacturer’s intentions.
Management of this outbreak has shown the im-
portance of quality control and sterility assurance
in manufacturing such solutions. Existing mea-
sures routinely and effectively imposed on regu-
lated therapeutic goods to reduce contamination
risk should also be applied to aftercare solutions,
such as objectionable organism and microbial risk
assessments and sterility testing and control (16-
19). Early detection of pathogen clusters linked to
contaminated products and source attribution via
genomic sequencing are pivotal in controlling out-
breaks, as is effective communication with stake-
holders, including clients, health professionals,
piercing franchises, and manufacturers.
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Characteristics of and Deaths
among 333 Persons with
Tuberculosis and COVID-19
INn Cross-Sectional Sample from
25 Jurisdictions, United States

Scott A. Nabity, Suzanne M. Marks, Neela D. Goswami, Shona R. Smith, Evan Timme, Sandy F. Price,
Lon Gross, Julie L. Self, Katelynne Gardner Toren, Masahiro Narita, Donna H. Wegener, Shu-Hua Wang,
for the National Tuberculosis Controllers Association/CDC TB-COVID-19 Collaboration?

Little is known about co-occurring tuberculosis (TB) and
COVID-19 in low TB incidence settings. We obtained a
cross-section of 333 persons in the United States co-diag-
nosed with TB and COVID-19 within 180 days and com-
pared them to 4,433 persons with TB only in 2020 and
18,898 persons with TB during 2017-2019. Across both
comparison groups, a higher proportion of persons with TB—
CQOVID-19 were Hispanic, were long-term care facility resi-
dents, and had diabetes. When adjusted for age, underlying
conditions, and TB severity, COVID-19 co-infection was not
statistically associated with death compared with TB infec-
tion only in 2020 (adjusted prevalence ratio 1.0 [95% CI
0.8-1.4]). Among TB—COVID-19 patients, death was asso-
ciated with a shorter interval between TB and COVID-19 di-
agnoses, older age, and being immunocompromised (non-
HIV). TB-COVID-19 deaths in the United States appear
to be concentrated in subgroups sharing characteristics
known to increase risk for death from either disease alone.

uberculosis (TB) and COVID-19 were leading in-
fectiouscausesofillnessand death globallyin2020.
In the United States, >17 million COVID-19 cases and
~7,000 TB cases were reported in 2020 (1). Both TB and
COVID-19 are primarily respiratory illnesses with
overlapping signs and symptoms, and the Centers

for Disease Control and Prevention (CDC) lists
TB as a medical risk factor for COVID-19-related
disease severity and death (2). Few population-based
reports of outcomes for persons with both TB and
COVID-19 have been reported (3,4), and the defini-
tion of TB and COVID-19 co-diagnosis differs across
studies. Those reports, and meta-analyses incorpo-
rating case reports and small observational series
(5-8), have demonstrated higher mortality rates
for persons with TB and COVID-19 compared with
COVID-19 alone. Little has been published to ad-
equately assess COVID-19 as a risk factor for poor
TB outcomes. Furthermore, limited information is
available from low TB incidence populations, includ-
ing the United States. An analysis from California
showed increased mortality rates for persons with TB
and COVID-19 compared with TB only reported be-
fore the COVID-19 pandemic, particularly when TB
and COVID-19 were diagnosed in close succession
(9). That analysis indicated groups of persons who
were disproportionately affected by both diseases,
including Hispanic persons and those with diabetes
or living in low health equity neighborhoods accord-
ing to the California Healthy Places Index (10).
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The COVID-19 pandemic also affected TB epide-
miology and program management across epidemio-
logic contexts (11). In the United States, reported TB
incidence declined ~20% in 2020 compared with 2019
(12). Limited information suggests that some persons
with TB in the United States may have had more clini-
cally severe disease in 2020 than before the COVID-19
pandemic (13), and TB diagnoses may have been de-
layed (14). We aimed to describe demographic, social,
and clinical characteristics of persons with TB and
COVID-19 in the United States, including risk for
death, and to identify populations who may benefit
most from integrated interventions.

Materials and Methods

Design and Population

We established a voluntary collaboration of US
health jurisdictions to obtain a cross-sectional sam-
ple of persons with TB and COVID-19 diagnosed
within 180 days (hereafter TB-COVID-19). We used
the population-based National Tuberculosis Sur-
veillance System (NTSS) for cases reported during
2017-2021 for standardized demographic, social, un-
derlying conditions, and TB-specific diagnosis and
treatment variables (15). Each jurisdiction captured
a subset of the standardized data elements from the
National Notifiable Disease Surveillance System for
COVID-19 cases (16) and contributed them to this
project. The core set of COVID-19 and TB surveil-
lance data elements were consistent across jurisdic-
tions. We included all persons with COVID-19 meet-
ing the public health surveillance case definition
for confirmed or probable COVID-19 (17) reported
during January 1, 2020-June 30, 2021, who were
also persons with TB reported in 2020 (i.e., persons
with TB-COVID-19). Although the methods used by
participating jurisdictions to identify persons with
TB-COVID-19 varied (Appendix Table 1, https://
wwwnc.cde.gov/EID/article/29/10/23-0286-App1.
pdf), each jurisdiction systematically identified their
residents with co-diagnoses of TB and COVID-19
using personal identifiers. Of 26 participating ju-
risdictions, 11 (42.3%) used a software algorithm
that included name and date of birth to match per-
sons (several also included various combinations
of sex, race/ethnicity, and place of residence), 8
(30.8%) had integrated surveillance systems (i.e.,
a given individual’s TB and COVID-19 diagno-
ses were already linked to a single record), and 1
(3.8%) with an integrated surveillance system also
performed a name-based software match (Appen-
dix Table 1). Directly identifiable information in the
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surveillance registries was retained by participating
jurisdictions and not shared with investigators in
other jurisdictions or with CDC.

Each jurisdiction securely transmitted data on
persons with TB-COVID-19 to CDC. We then ex-
cluded persons with TB-COVID-19 with unknown
TB or COVID-19 diagnosis dates and for which
diagnoses occurred >180 days apart, regardless of
which disease was diagnosed first (Figure 1). For
analysis of TB treatment outcomes, we excluded ju-
risdictions with incomplete TB case outcome data.
To identify characteristics of persons with TB-
COVID-19 that differed from persons with TB only,
we compared them to characteristics of persons
with TB reported in 2020 without COVID-19 (i.e.,
2020 TB-only) and TB reported during the 3 most
recent pre-COVID-19 years, 2017-2019 (i.e., 2017-
2019 TB-only).

Data Elements

NTSS data included demographic, social, and clini-
cal characteristics, and TB diagnosis and treatment
outcomes. We used a composite all-cause death
outcome that included TB diagnosed after death,
death occurring before or during TB treatment, and
death recorded on the COVID-19 case report form.
We defined the TB diagnosis date as the earliest
among positive smear or tissue collection, positive
nucleic acid amplification test result, first culture
specimen collected for phenotypic drug-sensi-
tivity testing, or TB treatment start date. For the
COVID-19 diagnosis date, we used the date of spec-
imen collection of the first positive nucleic acid am-
plification test or antigen test. We defined persons
with disseminated TB as having meningeal or mili-
ary disease, both pulmonary and extrapulmonary
disease, or having a positive culture for Mycobacte-
rium tuberculosis complex from blood.

Analytic Methods

We compared characteristics of persons with TB-
COVID-19 with those of persons with 2020 TB-only
and 2017-2019 TB-only, calculating statistically sig-
nificant differences of bivariate frequencies by us-
ing the Mantel-Haenszel y? test (or Fisher exact test
for small cell counts) with Bonferroni correction
for multiple comparisons. We also calculated Clop-
per-Pearson binomial 95% Cls for some frequencies.
For continuous variables, we assessed differences
in parametric means by using t-tests. We used the
Wilcoxon rank-sum test to compare nonparamet-
ric continuous variables. We calculated prevalence
ratios (PRs) and 95% Cls by using log-binomial
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Figure 1. Analytic sample
selection for persons with TB
and COVID-19 co-diagnosed
within 180 days (TB—COVID-19),
26 US jurisdictions, 2020.

Three states performed registry
matches with COVID-19 data up-
to-date through an earlier date
(January 24, 2021; February

2, 2021; August 31, 2021); 1

US state (North Dakota) that
participated did not have TB—
COVID-19 cases. The number of
days between TB and COVID-19
diagnosis dates was calculated
without regard for which disease
was diagnosed first. Data

from 2 jurisdictions (Puerto

Rico and Los Angeles County;
remainder of California included)
were excluded because of
incompleteness of outcomes
data. TB, tuberculosis.

multivariable regression employing backward selec-
tion in logistic regression models to identify statisti-
cally significant (a = 0.05) variables for inclusion in
the log-binomial models. The final models included
all variables reaching statistical significance and the
COVID-19 co-diagnosis status as the exposure of in-
terest. We did not assess interaction terms in multi-
variable models. Rather than exclude persons with
missing covariate data, we classified missing values
as unknown and retained them in the models. We
stratified outcomes by the proximity in timing of TB
and COVID-19 diagnoses (i.e., within 30, 90, and 180
days) and fit independent log-binomial models to
each time interval.

Ethics Considerations

This activity was determined to meet the require-
ments of public health surveillance as defined in
45 CFR 46.102(1) (2). Informed consent was not re-
quired because the project was classified by CDC
as nonresearch. Although most participating ju-
risdictions relied on the CDC project determina-
tion, some independently classified the activity
as nonresearch.

2018

Results

TB—COVID-19 Analytic Population

The 26 participating jurisdictions accounted for
62.9% of US TB cases in 2020 and 67.0% of the 2020
US population (18). The number of all TB cases re-
ported in 2020 per participating jurisdiction ranged
from 10 to 1,703: 12 jurisdictions (46.2%) reported
<75 cases, 8 (30.8%) reported 75-149 cases, and 6
(23.1%) reported >150 cases. Participating jurisdic-
tions reported ~64% of the =46,353,000 COVID-19
cases reported in US states and territories reported
during the observation period (1). Jurisdictions us-
ing more robust methods (i.e., a software algorithm
or an integrated surveillance system) to identify
persons with TB-COVID-19 (Appendix Table 1) ac-
counted for 91.7% of the TB cases among the 26 par-
ticipating jurisdictions.

One of 26 jurisdictions (North Dakota) did not
identify persons with TB-COVID-19 meeting our cri-
teria, and so we excluded numerator and denomina-
tor data for this jurisdiction from statistical analyses.
The remaining 25 jurisdictions (23 US states; New
York, NY; and Puerto Rico) identified 333 persons
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with TB-COVID-19 meeting study criteria (Figures

2). The number of persons with TB-COVID-19
identified per health jurisdiction ranged from 1 to
114 (Figure 2). The median age of persons with TB-
COVID-19 was 55 years (interquartile range 35-69
years); 204 (61.3%) were male and 129 (38.7%) female,
and 264 (79.3%) were non-US-born (Table 1, https://
wwwnc.cdc.gov/EID/article/29/10/23-0286-T1.
htm). Six (1.8%) persons were co-diagnosed with TB
and COVID-19 on the same date, and 65 (19.5%) per-
sons were co-diagnosed within 14 days (Figure 3). Of
the 327 TB-COVID-19 cases diagnosed >1 day apart,
204 (62.4%) had TB diagnosed before COVID-19.

TB-COVID-19 Demographics Compared with

2020 TB-only and 2017-2019 TB-only

We did not find statistically significant (95% CI with
Bonferroni correction) bivariate differences in per-
sons with TB-COVID-19 relative to the 2020 TB-only
and 2017-2019 TB-only comparison groups for sex,
residence in a correctional facility, homelessness, or
excessive alcohol use (Table 1). The TB-COVID-19
group had a higher proportion of Hispanic persons
compared with both of the reference groups (Table
1). Higher proportions of persons with TB-COVID-19
also were residents of long-term care facilities at TB
diagnosis compared with both reference groups.

TB-COVID-19 Clinical Characteristics Compared

with 2020 TB-only and 2017-2019 TB-only

We did not find statistically significant differences,
compared with either the 2020 TB-only or 2017-
2019 TB-only reference group, for the proportion
of persons with TB-COVID-19 by the status of a
previous episode of TB, HIV infection, TB disease
site (i.e., pulmonary-only, extrapulmonary, or both
sites), or TB disease dissemination (Table 1). Com-
pared with both reference groups, persons with TB-
COVID-19 had a higher rate of diabetes and end-
stage renal disease.

Multivariable Comparison of TB—COVID-19
Characteristics Compared with 2020 TB-only and
2017-2019 TB-only

In comparison to 2020 TB-only, persons with TB and
COVID-19 diagnosed within 180 days were more
likely to be in American Indian/Alaska Native (ad-
justed prevalence ratio [aPR] 5.3 [95% CI 2.1-13.4])
and, with borderline statistical significance, Na-
tive Hawaiian/Other Pacific Islander (aPR 2.3 [95%
CI 1.0-5.3]) relative to non-Hispanic whites (Table
2). Persons with TB-COVID-19 also had a higher
proportion of being non-US-born (aPR 1.5 [95%
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CI 1.1-2.1]), residing in long-term care facilities at
TB diagnosis (aPR 2.5 [95% Cl 1.6-4.0]), and having
diabetes (aPR 1.6 [95% CI 1.3-2.0]). When comparing
persons with TB-COVID-19 to 2017-2019 TB-only,
those associations remained statistically significant;
in addition, a higher proportion of persons with TB-
COVID-19 also had end-stage renal disease (aPR 1.7
[95% CI 1.1-2.7]) and, with borderline statistical sig-
nificance, acid-fast bacilli sputum smear positivity
(aPR 1.3 [95% CI 1.0-1.6]) (Table 2).

Mortality Rates Compared with 2020 TB-only Patients

The occurrence of death at any time before or during
TB treatment was 450/3,793 (11.9% [95% CI 10.8-
12.9]) for 2020 TB-only. This rate compares with
48/288 (16.7% [95% CI12.6-21.5]; unadjusted preva-
lence ratio [uPR] 1.4 [95% CI 1.1-1.8]) for persons co-
diagnosed with TB and COVID-19 within 180 days,
39/183 (21.3% [95% CI 15.6-28.0]; uPR 1.8 [95% CI
1.3-2.5]) for those co-diagnosed within 90 days, and
17/83 (20.5% [95% CI 12.4-30.8]; uPR 1.7 [95% CI
1.1-2.7]) for those co-diagnosed within 30 days (Fig-
ure 4). After adjustment for age, comorbidities, and
markers of TB disease severity, COVID-19 did not
retain significance as an independent risk factor for
all-cause mortality in persons with TB disease (Ap-
pendix Table 2). Significant cofactors were age 245
years, HIV infection (aPR 2.1 [95% CI 1.3-3.5]), end-
stage renal disease (aPR 1.8 [95% CI1.4-2.4]), TB dis-
ease dissemination (aPR 1.5 [95% CI 1.1-1.9]), and

Figure 2. Locations of 25 US jurisdictions contributing data for
333 persons with tuberculosis (TB) and COVID-19 co-diagnosed
within 180 days (TB—COVID-19), 2020. Participating jurisdictions:
Alabama (n = 5 cases), Arizona (n = 21), Arkansas (n = 9),
California (n = 114), Colorado (n = 7), Indiana (n = 10), lowa

(n = 2), Kentucky (n = 6), Louisiana (n = 3), Massachusetts

(n =7), Michigan (n = 11), Minnesota (n = 14), Nevada (n = 4),
New Hampshire (n = 1), New Jersey (n = 28), New Mexico

(n =4), New York State (n = 6); New York, NY (reporting
separately; n = 37), North Carolina (n = 11), Ohio (n = 6), Puerto
Rico (n = 2), South Carolina (n = 2), Tennessee (n = 11), Texas
(n = 6), and Wisconsin (n = 6). North Dakota provided data but
had no TB—COVID-19 cases reported.

2019
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Figure 3. Frequency of 333
persons with TB and COVID-19
co-diagnosed (TB—-COVID-19), by
sequence and days between TB
and COVID-19 diagnoses, 25 US
jurisdictions, 2020. The percentage
denominator accounts for all 333
persons. Individual percentages
may not sum to 100% because of
rounding. TB, tuberculosis.

sputum smear positivity for acid-fast bacilli (aPR 1.4
[95% CI 1.1-1.8]). We observed similar associations
when persons had TB and COVID-19 diagnosed
within shorter intervals (i.e., 30 and 90 days) (Ap-
pendix Table 2).

Risk Factors for Death among TB-COVID-19 Patients
Among the 288 persons with TB-COVID-19 with
known mortality outcome (86.5% of all 333 persons

with TB-COVID-19), death was associated with both
TB and COVID-19 co-diagnoses being made within 90
days (aPR 2.3 [95% CI 1.1-4.8]), being immunocom-
promised (non-HIV) (aPR 2.7 [95% CI 1.1-6.4]), and
age (Table 3). The adjusted risk for death increased
with increasing age compared with <44 years: 45-64
years, aPR 5.6 (95% CI 1.6-19.8); 65-74 years, aPR 8.6
(95% CI 2.4-31.3); 75-84 years, aPR 12.6 (95% CI 3.5-
45.7); and >85 years, aPR 25.0 (95% CI 6.9-91.1).

Table 2. Multivariable log-binomial regression of characteristics for 333 persons from 25 US jurisdictions who were diagnosed with
TB-COVID-19 in 2020 and persons with TB only diagnosed in 2017-2019 or in 2020*

2020 TB only 2017-2019 TB only

Characteristic uPR (95% CI) aPR (95% CI) uPR (95% CI) aPR (95% CI)
Race/ethnicity t

White Referent Referent Referent Referent

Black 0.8 (0.6-1.1) 1.1 (0.7-1.7) 0.9 (0.6-1.1) 1.2 (0.7-1.9)

Asian 0.7 (0.6-0.9) 0.8 (0.5-1.2) 0.7 (0.6-0.9) 0.8 (0.5-1.3)

Hispanic 1.6 (1.3-2.0) 1.4 (0.9-2.2) 1.6 (1.3-1.9) 1.4 (0.9-2.2)

NHOPI 2.4 (1.1-5.4) 2.3 (1.0-5.3) 2.2 (0.9-5.2) 2.9 (1.1-7.4)

American Indian/Alaska Native 3.4 (1.4-8.1) 5.3 (2.1-13.4) 2.3 (0.9-6.0) 3.4 (1.2-9.6)
Origin of birth

US-born Referent Referent Referent Referent

Non-US-born 1.4 (1.1-1.8) 1.5(1.1-2.1) 1.5 (1.1-1.9) 1.6 (1.1-2.2)
AFB sputum smear result

Negative Referent NI Referent Referent

Positive 1.3 (1.0-1.5) 1.4 (1.1-1.7) 1.3 (1.0-1.6)

Missing/Unknown 0.9 (0.7-1.2) 0.9 (0.7-1.2) 1.0 (0.7-1.5)
Long-term care resident at TB diagnosis¥

No Referent Referent Referent Referent

Yes 2.6 (1.6-4.2) 2.5 (1.6-4.0) 2.5(1.54.1) 2.4 (1.4-4.0)
Diabetes

No Referent Referent Referent Referent

Yes 1.8 (1.4-2.2) 1.6 (1.3-2.0) 2.0 (1.6-2.5) 1.8 (1.4-2.2)
End-stage renal disease

No Referent NI Referent Referent

Yes 1.8 (1.2-2.7) 2.2 (1.4-34) 1.7 (1.1=-2.7)

*Model adjusted for other variables in the table. aPR, adjusted prevalence ratio; AFB, acid-fast bacilli; NHOPI, Native Hawaiian and Other Pacific Islander;
NI, not included in adjusted regression model because not statistically significant at 95% confidence level; TB, tuberculosis; TB-COVID-19, diagnosed
with both TB and COVID-19 within 180 days; uPR, unadjusted prevalence ratio.

TMultiple race category not included because no persons with TB-COVID-19 reported multiple races.

$Among persons >15 years of age.
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Figure 4. Unadjusted mortality
rates for persons with TB only
during 2017-2019 and during
2020 compared with persons with
TB-COVID-19 during 2020, 25 US
jurisdictions. Error bars indicate
95% Cls. TB, tuberculosis; TB—
COVID-19, diagnosed with both
TB and COVID-19 within

180 days.

Discussion

Wereport a large cohort of persons with TB-COVID-19
from a low TB-incidence setting (the United States)
during the COVID-19 pandemic. Persons with TB and
COVID-19 had overlapping sociodemographic and
medical risk profiles known to be associated with each
disease, including long-term care residence, diabetes,
and end-stage renal disease. The frequency of death
for persons with TB-COVID-19 was higher than per-
sons with TB-only and depended on a shorter interval
between TB and COVID-19 diagnoses (1 in 5 persons
who had TB-COVID-19 co-diagnosed within 30 days
died). However, COVID-19 was not independently
associated with death among persons diagnosed with
TB within 180 days when adjusted for age, underly-
ing conditions, and TB disease severity, compared
with those with 2020 TB-only patients. Among persons
with TB-COVID-19, the timing of TB and COVID-19
co-diagnoses (i.e., within 90 days) remained a predic-
tor of death, along with increasing age and being im-
munocompromised (non-HIV). Another analysis from
California demonstrated an age-adjusted mortality
rate ratio of 1.3 (95% CI 0.7-2.5) for deaths among TB-
COVID-19 patients compared with 2017-2019 TB-only
patients (9). That analysis did not adjust for underly-
ing conditions (9). Increased mortality rates for per-
sons with TB-COVID-19 has been repeatedly demon-
strated in other settings when compared with persons
with COVID-19 only (5-8). Other studies have dem-
onstrated more severe COVID-19 disease classification
among persons with TB-COVID-19 compared with
persons diagnosed with COVID-19 without TB (19).
However, few population-based studies have evalu-
ated COVID-19 as a risk factor for all-cause mortality
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among persons with TB while adjusting for age, un-
derlying conditions, and other potential confounders.
The baseline mortality rate for persons with TB
was 9% annually in the United States in 2017 and
2018 (18). In our study, #17% of persons diagnosed
with TB and COVID-19 within 180 days died. None-
theless, in multivariable analysis corrected for age
and underlying conditions, COVID-19 was not an in-
dependent predictor of death among persons with TB
diagnosed within 180 days. Those findings suggest
that poor outcomes for persons with TB-COVID-19
may be driven by the overlapping sociodemograph-
ic and medical risk factors common to each TB and
COVID-19 that already place persons with TB at risk
for death with TB, rather than the effect of COVID-19
coinfection alone. Compared with countries that have
high TB prevalence, TB disease in the United States
and other low TB incidence countries is more con-
centrated in older persons who have underlying con-
ditions such as diabetes and renal disease (18). The
timing of TB and COVID-19 co-diagnoses and its as-
sociation with TB mortality warrants more investiga-
tion, given that our model demonstrated an associa-
tion between a smaller diagnostic interval (90 days)
and death among persons with TB-COVID-19. In
addition to biological mechanisms to explain the as-
sociation, persons with more severe COVID-19 may
have been more likely to receive chest imaging and
additional diagnostic testing to reveal concurrent TB.
Delayed TB diagnoses could have led to more severe
TB disease at clinical evaluation in our analysis popu-
lation. Another study from a low TB incidence setting
showed a higher proportion of positive microscopic ex-
aminations during the COVID-19 pandemic compared

2021
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with historical trends (20), similar to the observation in
this US cohort of persons with TB-COVID-19. This find-
ing suggests longer delays until TB diagnosis during the
COVID-19 pandemic. The timing of TB diagnosis after
COVID-19 (a substantial proportion had TB diagnosed
within 14 days after COVID-19) could also reflect de-
layed TB diagnoses, suggesting that COVID-19 could
have brought persons with undiagnosed TB into care.

TB program participation was nonrandom, which
limits the representativeness of results to the entire
United States, perhaps especially related to race and
ethnicity. Nonetheless, the cohort represented a cross-
section of US jurisdictions with varying TB prevalence.
An important distinction in comparison with other
studies is that we were unable to compare outcomes for
persons with TB-COVID-19 with those for persons with
COVID-19 only. Other limitations are that the complete-
ness of COVID-19 case reporting may have differed by
jurisdiction and phase of the epidemic. Missing data
may have lessened the accuracy of some descriptive
characteristics; missing death dates precluded hazards
analyses of time to death. Longitudinal case manage-
ment for persons on TB treatment probably captured
most, but potentially not all, deaths among persons
with TB. Our definition for disseminated TB is intend-
ed to capture most cases resulting from hematogenous
spread that might be associated with delayed diagnoses
or poor outcomes. It may not reflect all disseminated TB
characterized by isolated extrapulmonary lymphad-
enitis or TB misclassified because of incomplete tissue
sampling. The Bonferroni correction may have raised
the risk for type II error in bivariate comparisons, and
the small number of persons with TB-COVID-19 and
having sociodemographic characteristics potentially
influencing outcomes (e.g., experiencing homeless-
ness) limited our ability to describe them. Strengths
include the high completeness of sociodemographic
data available in NTSS (15). Still, some underlying con-
ditions strongly associated with poor COVID-19 out-
comes (e.g., cardiovascular disease and obesity) were
not available.

In conclusion, this analysis of a US cohort of per-
sons with TB-COVID-19 suggests deaths among per-
sons with TB-COVID-19 in the United States is con-
centrated in subgroups having shared characteristics
known to increase risk for death with either disease
alone. Timely consideration for TB disease among
persons with COVID-19 and TB risk factors should be
reinforced. Because death was associated with shorter
intervals between co-diagnoses, prioritizing addition-
al early medical interventions for persons with con-
current disease processes who are at highest risk for
death might improve outcomes. COVID-19 patients

2022

with severe disease may be given immunomodulat-
ing treatments that could reactivate latent TB infection.
Therefore, COVID-19 patients with risk factors for TB
infection could be considered for screening and treat-
ment of latent TB infection. Last, integration of screen-
ing for TB infection (risk factor review and serum inter-
feron gamma release assays testing) with community
COVID-19 prevention efforts among subpopulations
with shared risk profiles, as has been done for persons
at increased risk for COVID-19 and diabetes (21), may
expand high-yield opportunities to prevent TB.
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Cycle Threshold Values
as Indication of Increasing
SARS-CoV-2 New Variants,

England, 2020—-2022

Rebecca E. Harrison, Ahmed Hamada, Nujcharee Haswell, Aigul Groves,
Karina-Doris Vihta, Kerry Cella, Sarah Garner, Ann Sarah Walker, Anna C. Seale

Early detection of increased infections or new variants
of SARS-CoV-2 is critical for public health response. To
determine whether cycle threshold (Ct) data from PCR
tests for SARS-CoV-2 could serve as an early indicator
of epidemic growth, we analyzed daily mean Ct values in
England, UK, by gene target and used iterative sequen-
tial regression to detect break points in mean Ct values
(and positive test counts). To monitor the epidemic in
England, we continued those analyses in real time. Dur-
ing September 2020-January 2022, a total of 7,611,153
positive SARS-CoV-2 PCR test results with Ct data were
reported. Spike (S) gene target (S+/S—)—specific mean
Ct values decreased 6-29 days before positive test
counts increased, and S-gene Ct values provided early
indication of increasing new variants (Delta and Omi-
cron). Our approach was beneficial in the context of the
first waves of the COVID-19 pandemic and can be used
to support future infectious disease monitoring.

rom identification of SARS-CoV-2 in December

2019 through September 22, 2022, =612 million
confirmed cases and 6.5 million confirmed deaths
were reported worldwide (I). During the COVID-19
pandemic, epidemic waves have usually been asso-
ciated with emergence of a new variant. Assessing
the emergence of any such new variant is critical for
public health response. Although testing is essential
for monitoring trends in detected cases, the diagnos-
tic real-time quantitative reverse transcription PCR
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(qRT-PCR) tests also provide data pertaining to viral
load and presence or absence of particular genes in
the virus detected, which may further aid assessment
of the likely course of the epidemic.

qRT-PCR results are sensitive, based on detection
of SARS-CoV-2 RNA. Results are positive, negative,
or indeterminate, based on a threshold for the num-
ber of replication cycles required for detection, the
cycle threshold (Ct) (2,3). Typically, the higher the Ct
value, the lower the viral load in the specimen (4).

Viral load is associated with infectivity and can
be associated with severity of illness (5-7). Low Ct
values have been associated with testing just after
symptom onset (8-11), having the classic symptoms
(e.g., cough/fever/anosmia/ageusia) (4), increased
duration of viral shedding, (12,13), severe case of
COVID-19 and increased risk for critical illness and
death (14-19), older age (20-22), vaccination status
(23), and higher secondary attack rate (7,24).

Individually, interpretation of Ct values as a
proxy of infectiousness or severity of illness should
be approached with caution. Results may be influ-
enced by the time course of infection, additional tech-
nical factors during sampling, types of processing,
and the specific assay used (25,26). However, in the
population, Ct values as a proxy for viral load may
provide information on the growth of the epidemic, if
measured with a standardized assay.

On March 27, 2020, a new network of Light-
house laboratories, was set up for SARS-CoV-2 test-
ing in the United Kingdom (J.A. Douthwaite, unpub.
data, https:/ /www.researchsquare.com/ article/
rs-637020/v1). Four of those laboratories used the
Thermo Fisher TagPath RT-PCR test (27), which de-
tects 3 SARS-CoV-2 gene targets: open reading frame
(ORF)1, nucleocapsid (N), and spike (S). Ct values are
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available for each gene detected, and RT-PCR tests
at TagPath are standardized and thus comparable
across laboratories. All 3 gene targets are not always
detected, which can result from a sample of low qual-
ity or low viral load or from a virus having mutations
in the ORF1lab, S, or N gene.

Over the course of the epidemic, and in particu-
lar with the emergence of the Alpha variant, which
had S gene target failure (SGTF/S-) compared with
the initial wild-type variant, the potential use of the
S gene for identifying emergence of a new variant,
combined with analysis of Ct values to investigate
growth, became apparent. Data from both National
Health Service (NHS) Test and Trace and from the
UK COVID-19 Infection Survey (CIS) were thus as-
sessed for the presence or absence of the S gene (4,28)
(A.S. Walker, unpub. data, http:/ /medrxiv.org/look-
up/doi/10.1101/2021.01.13.21249721).

We describe use of Ct values with S gene target
data for early detection and community growth of the
Alpha, Delta, and Omicron (BA.1) SARS-CoV-2 vari-
ants in England; that approach was used in real-time
monitoring for Delta and Omicron. We conducted
our analysis to provide information for the outbreak
response to the COVID-19 pandemic. Work was un-
dertaken in accordance with national data regula-
tions. We accessed and used only fully anonymized
data from the UK Health Security Agency (UKHSA)
in a secure research environment.

Methods

Data Source

We used data from the England national clinical and
community testing program for September 1, 2020,
through January 31, 2022 (29). We monitored SARS-
CoV-2 RT-PCR tests processed at Tagpath laborato-
ries at Milton Keynes, Glasgow Central, Alderley
Park, and Newcastle. Samples were reported as posi-
tive if the algorithm was interpreted as positive for
>1 of the N or ORFlab genes by an assay-specific al-
gorithm and decision mechanism that analyzes the
raw assay data. The S gene was not considered a pre-
requisite for positivity because of mutations detected
since mid-May 2020. TaqPath laboratories almost
exclusively use community-based tests rather than
healthcare-based tests.

Data Analyses

As part of routine monitoring, we prepared the data
in SQL and conducted analyses in R (The R Project
for Statistical Computing, https://www.r-project.
org) and Python (https://www.python.org) during
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February 2020-February 2022 and present analyses
through February 2022. We describe the total positive
SARS-CoV-2 PCR tests, the proportion processed in
Taqgpath laboratories, and the changes in mean Ct val-
ues with different gene target combinations.

The absence of the S gene (S-) was a proxy for
Alpha (September 1, 2020-January 28, 2021) and Omi-
cron BA.1 (October 1, 2021-January 31, 2022), whereas
the presence of the S gene (S+) with both other genes
was a proxy for Delta (February 1, 2021-January 5,
2022). To confirm the use of the S gene as a proxy, we
linked those data to whole-genome sequencing and
rapid genotyping data, if available. Rapid genotyp-
ing was conducted 3-5 days after PCR and whole-
genome sequencing data 10-14 days after PCR.

We recorded absolute numbers of positive test re-
sults and proportions by variant and measured 7-day
rolling means of positive test results by variant by cal-
endar period during which variants were detected and
started to grow: Alpha (September 1, 2020-January 31,
2021), Delta (February 1, 2021-November 30, 2021),
and Omicron (October 1, 2021-January 31, 2022). We
restricted analysis of counts of S— and S+ to samples
with Ct <30 because absence of S-gene detection above
that threshold could reflect stochastic variation at low
viral loads. Mean daily Ct values included all positive
samples, including those with Ct >30, which enabled
better detection of drops from high Ct values.

To detect trends and break points in Ct values
and numbers of positive test results, we applied it-
erative sequential regression (ISR), which allows for
changes in trend to be identified in real time through
its sequential design (28), to daily mean Ct values and
daily numbers of positive test results for each cal-
endar period, broken down by S gene target profile
(ORFlab, N, and S+ vs. ORFlab, N, and S-). If a
model with 2 trends was a better fit compared with
1 trend, we fixed the change point and repeated the
process (i.e., added more data and new models with
this change point, as well as other potential change
points after the initial one was fitted). That method
enables efficient estimation of multiple changes in
trend, unlike a traditional grid search algorithm. We
set break points to be at least 14 days apart and used
a gamma model because it seemed to be the most
appropriate on the basis of its visual fit, despite the
apparent dispersion constraints, and the negative
binomial or Poisson may also be appropriate for the
number of positive test results. We used results from
the ISR model to describe days passed between break
points in mean Ct trend and daily numbers of posi-
tive test results and the time taken for the break point
to be identified by the ISR model.
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Results

Emergence of Alpha from Wild-Type Variants

During April 2020-March 2021, a total of 3,312,159
PCR tests for SARS-CoV-2 were conducted in Eng-
land through clinical and community testing streams;
27,902 (0.84%, 95% CI 0.83%-0.85%) tests were posi-
tive. Over that period, the percentage of swab samples
with no S gene detected increased; >86% of those with
Ct <30 had no S gene detected from November 16,
2020, through March 31, 2021, concurrent with emer-
gence and expansion of Alpha (B.1.1.7) (although less
complete dominance compared with later variants)
(4). That finding led to use of the S gene Ct values,
case numbers, and proportions as a proxy for moni-
toring positive tests that did or did not detect an S
gene, according to both the UK Office of National Sta-
tistics Covid Infection Survey (ONS CIS) and UKHSA
surveillance data (4,28). The S— characteristic was lat-
er also found to be a characteristic of Omicron BA.1.
Other variants, such as Delta, Beta, and Gamma, usu-
ally do not have mutations in region of the S gene de-
tected by the TaqPath assay primers, and so the PCR
test will usually detect the S, ORFlab, and N genes,
described as S+.

Emergence of New Variants in Terms of S Gene and
Growth (Ct Values)

During September 1, 2020-January 31, 2022, a total of
15,139,217 positive RT-PCR test results were reported
in England, of which 7,611,153 (50.3%) had Ct values
available for ORFlab, N, or S gene targets from a Tag-
Path RT-PCR assay. Infections with S- virus were dom-
inant from November 2020 through April 2021 (Al-
pha), and S+ infections became dominant after April
2021 (Delta), and then S- infections were dominant

again between from 2021 through January 2022 (Omi-
cron BA.1) (Figure 1). From January on, the BA.2 (S5+)
variant started to emerge. The sequence data and rapid
genotyping results, when later available, were closely
aligned (Appendix Figure, https://wwwnc.cdc.gov/
EID/ article/29/10/23-0030-App1.pdf).

Ct values in S+ tests slowly increased from Sep-
tember 2020 through March 2021 as wild-type SARS
CoV-2 incidence decreased, and mean Ct values in
S— tests decreased from September through Decem-
ber 2020 as Alpha increased. Ct values in S+ tests de-
creased as Delta incidence increased from May 2021.
In December 2021, mean Ct values for S— tests again
decreased rapidly, just as Omicron BA.1 incidence in-
creased. (Figure 2).

Emergence of Alpha

From September 1, 2020, through January 31, 2021,
daily S- test results (proxy Alpha) rose from 1 to
6,487, peaking at 22,936 on January 2, 2021. Sequenc-
ing of 169,823 (4.7%) of 3,617,137 viruses over this
period showed that 78,410 (46.2%) were Alpha (Ap-
pendix Table 1). With the growth of Alpha, the daily
mean Ct value for S— tests decreased from 26.1 on
September 1, 2020, to 19.6 on December 20, 2020.

At that time, we were not using ISR in real time,
but as we implemented the approach in mid-2021, we
detected the first break point in mean daily Ct values
in S— tests on November 22, 2020 (and it took 14 days
for the ISR model to notice this break point), which
was =6 days before incidence increased further. The
drop in Ct value, if observed in real time, could have
provided an early indicator of the Alpha increase.
Retrospectively, we detected a break point for the
plateau/increase in Ct values on December 24, 2020
(noticed 32 days later), and the peak in positive tests

Figure 1. Weekly Tagpath reverse transcription quantitative PCR (27) gene detection (S+/S-) in SARS-CoV-2 infections, England,
August 31, 2020-January 31, 2022. The chart excludes cycle threshold (Ct) values >30 for S— because when Ct >30, the S— may be
caused by a sample of low quality or with low viral load rather than a reliable S— signal. Test results for which only 1 gene is detected are

excluded. S, spike; S+, presence of S gene; S—, absence of S gene.

2026
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Figure 2. Daily mean Tagpath reverse transcription quantitative PCR (27) cycle threshold results by gene target profile (S+/S-) in
SARS-CoV-2 infections, England, August 31, 2020-January 31, 2022. S+ indicates open reading frame ab1, nucleocapsid, and S
detected; S— indicates open reading frame ab1 and nucleocapsid detected. Incidence, cases/100,000 population; S, spike; S+, presence

of S gene; S—, absence of S gene.

11 days later on January 4, 2021 (noticed 16 days later)
(Figure 3).

Emergence of Delta
From February 1, 2021, through November 30, 2021,
daily S+ tests increased from 544, to 21,797, peaking
at 35,866 on July 15, 2021. Sequencing of 1,546,168
(25.9%) of 5,965,964 viruses over that period showed
that 1,273,965 (82.4%) were Delta (Appendix Table 1).
During this period, through regular analysis in
real time, we first detected a break point in mean Ct
values in S+ tests on March 23, 2021 (noticed 14 days
later), 29 days before incidence started increasing.
We detected a break point for the plateau/increase
in Ct values on May 1, 2021 (noticed 16 days later),
and the peak in positive test results 69 days later
on July 9, 2021 (noticed 14 days later) (Figure 4).
Use of gene target-specific data was particularly

Figure 3. Emergence of novel
Alpha variant of SARS-CoV-2
in England, showing mean

Ct values (A) and positive
results for SARS-CoV-2 S
tests (B) for September 3,
2020-January 31, 2021,
according to a gamma model.
Break points detected through
iterative sequential regression
(ISR) that indicate significant
changes in mean Ct values
and positive test counts are
labeled. Blue line represents
estimated S— mean Ct value
and positive test counts by

valuable for early detection of Delta growth at that
time because overall case counts were declining in
the country, masking growth of the new variant.
The Beta and Gamma variants also emerged glob-
ally around this time, and our analyses provided
early indication that these variants were not grow-
ing rapidly in England.

Emergence of Omicron
During October 1, 2021-January 31, 2022, the daily
number of S— tests increased from 10 to 17,237, peak-
ing at 108,438 on January 4, 2022. Sequencing of
1,961,850 (25.1%) of 7,800,924 viruses over that period
showed that 1,120,807 (57.1%) were Omicron BA.1
(Appendix Table 1).

During that period, through regular analyses in
real time, we first detected a break point in mean Ct
values in S— tests on November 17, 2021 (noticed 14

ISR. Blue lines at the base of the graph represent 95% Cls around the break points estimated by the ISR model. Ct, cycle threshold;

S, spike; S+, presence of S gene; S—, absence of S gene.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023
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Figure 4. Emergence of novel
Delta variant of SARS CoV-2

in England, showing mean Ct
values (A) and positive test
counts for SARS CoV-2 S-gene—
positive tests (B) for February

1, 2020, through November 30,
2021, according to a gamma
model. Break points detected
through iterative sequential
regression (ISR) that indicate
significant changes in mean Ct
values and positive tests are
labeled. Blue line represents
estimated S— mean Ct value and
positive test counts by ISR. Blue

lines at the base of the graph represent 95% Cls around the breakpoints estimated by the ISR model. Ct, cycle threshold; S, spike;

S+, presence of S gene; S—, absence of S gene.

dayslater), ~8 days before incidence started increasing.
We again observed a drop in Ct value as a precur-
sor to the start of the increasing number of positive
test results. Over that period, mean Ct values for S—
tests decreased from 34.5 to 22.9 from October 1, 2021,
through January 31, 2022, dropping to a low of 21.0
on December 15, 2021 (Figure 5).

For S+ tests over the same period, we observed
mean Ct values increase from 20.6 to 23.2 and daily
positive tests decrease from 13,597 to 353. We also
observed Ct values starting to drop again toward the
middle of January 2022, resulting from emergence of
Omicron BA.2.

Discussion

Detecting emergence and growth of new SARS CoV-
2 variants is valuable for public health response.
Starting in February 2022 in England, knowing the
patterns for Alpha, we implemented routine moni-
toring of positive SARS-CoV-2 clinical test results in
the community, by S gene status and mean Ct values,

Figure 5. Emergence of

novel Omicron (BA.1) variant
of SARS CoV-2 in England,
showing mean Ct values (A)
and positive test counts for
SARS CoV-2 S—tests (B) from
October 1, 2021, through
January 31, 2022, according to
a gamma model. Break points
detected through iterative
sequential regression (ISR) that
indicate significant changes in
mean Ct values and positive
tests are labeled. Blue line
represents estimated S— mean
Ct value and positive test

which subsequently provided an early indication of
increased incidence for Delta and Omicron. We ob-
served decreasing mean gene target -Ct values in
surveillance data ~6-29 days before variant-specific
incidence increased in the population. Mean Ct val-
ues plateaued or slightly increased ~1 month before
peak case incidence.

Although the changes in Ct values and S gene
data were useful early indicators of increasing inci-
dence, they could not be interpreted in isolation. We
needed confirmation of the use of the S gene as a
proxy marker from genotyping and whole-genome
sequencing. It was also fortuitous that for each new
variant that became dominant in the United King-
dom during 2020-2021, its presence alternated with
absence of the S gene. Tracking the growth of Delta
in the United Kingdom by using S gene data was
straightforward because no other S+ cases were in
wide circulation at the time. A study in the Unit-
ed States, where Beta had gained traction along
with Delta, was not able to use S gene data in the

counts by ISR. Blue lines at the base of the graph represent 95% Cls around the break points estimated by the ISR model. Ct,
cycle threshold; S, spike; S+, presence of S gene; S—, absence of S gene.
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same way that was possible here (30). The S gene
is not, however, necessarily a prerequisite for using
changes in Ct values to monitor emerging variants;
although detection times may be slower, changes
in Ct value trends should be detectable in positive
tests, unrestricted by gene target (31). However, in
the period that this work was undertaken (up to and
including Omicron BA.1), we did not observe and
thus analyze epidemic changes in which the S gene
target did not change, and thus we cannot compare
the time taken to detect changes by using this meth-
od without a change in gene target.

The sample size needed is also relevant to the
technique. Although we do not present the results
here, we were able to use ISR for the 9 regions of
England to detect and compare rates of early growth
in new variants. However, when this technique was
attempted for all 309 lower tier local authorities,
absolute and relative weekly S+/S- case numbers
were usually more useful than Ct values for tracking
growth because of the low number of positive test re-
sults during the emergence of a new variant at this
geographic level. Going forward, to determine how
quickly changes could be detected on a smaller scale,
testing this approach on smaller datasets may be use-
ful. Pandemic monitoring benefited by laboratories
using a specific, standardized assay, although cover-
age varied regionally; coverage was notably lower in
southwestern England. The use of the standardized
TaqPath assay reduced data variation, which may
be introduced if different assays or thresholds are
used. A study in Bahrain used results from a variety
of different assays and found utility of Ct values for
predicting the pandemic trajectory to be lower than
we did, although that finding may also be associated
with their application of a different modeling tech-
nique (32). Further research would be needed to con-
firm those findings.

In the community testing data analyzed, testing
tended to be conducted shortly after the appear-
ance of symptoms, whereas for surveillance stud-
ies, such as the ONS CIS, testing was conducted
across the period when a person tested positive on
PCR (multiple weeks), leading to a greater range of
Ct values. However, with the scale of community
testing at the height of the pandemic in England,
these data provided earlier indications of new vari-
ants than survey data and provided a more use-
ful early indicator of growth of Delta or Omicron
than lateral flow test/PCR test positivity, reflex as-
says, or sequencing. After a new variant was domi-
nant, positivity and case rates became more use-
ful for monitoring. The time delay for detecting a
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break point by using ISR was ~2 weeks, but a change
could be observed before then. For our analyses, we
used gamma distributions, based on the best visual
fit, although Poisson or negative binomial distribu-
tions may have been more appropriate for the daily
count of positive tests. However, given the scale of
the data in this analysis, the final fit by model is not
likely to differ substantially.

Smaller studies have suggested that changes in
Ct values can indicate changes in trajectory of the
epidemic, including a study from Spain (33) that re-
ported differential changes in mean Ct values and
rate of positive tests in the first and second waves;
a study from Pakistan (34), a study from Italy (35),
and a study from Belgium (36) that reported a 17-
day lag between changes in Ct values and positive
tests, and a study from the United States that re-
ported a 33-day lag between Ct values and cases
(37). Our study, which used national surveillance
data for >1 year, along with studies from ONS CIS
and other studies in the United Kingdom (4,28)
(A.S. Walker AS, unpub. data), provides evidence
that using S-specific Ct values can identify emerg-
ing new variants and further evidence that Ct val-
ues can detect changes in incidence before positive
test counts and sequencing data. We found that
monitoring COVID-19 gene-specific Ct values in
England was a useful early indicator for detecting
epidemic growth and providing insight to sup-
port public health policy. This useful application of
clinical testing data, although of maximal benefit in
the context of the first waves of the COVID-19 pan-
demic, may have other applications for infectious
disease monitoring.

The data used in this study are not publicly available
because they were acquired under license/data sharing
agreement from NHS Digital and UKHSA, under specific
conditions of use. Individuals or organizations wishing
to request access can request the data directly from NHS
Digital (https:/ /digital.nhs.uk/services/data-access-
request-service-dars).

Funding was provided by the UK Government
Department of Health and Social Care. K.-D.V. and A.S.W.
are supported by the National Institute for Health
Research (NIHR) Health Protection Research Unit in
Healthcare Associated Infections and Antimicrobial
Resistance at the University of Oxford in partnership
with UKHSA (NIHR200915). A.S.W. is also supported
by the NIHR Oxford Biomedical Research Centre and by
core support from the Medical Research Council UK to
the Medical Research Council Clinical Trials Unit (MC_
UU_12023/22) and is an NIHR Senior Investigator.

2029



RESEARCH

The views expressed are those of the authors and not
necessarily those of the NHS, NIHR, Department of
Health, or UKHSA. The funder/sponsor did not have
any role in the design and conduct of the study;

collection, management, analysis, and interpretation of the

data; preparation, review, or approval of the manuscript;

and decision to submit the manuscript for publication.

About the Author

Ms. Harrison is a freelance epidemiologist with a research
interest in infectious disease, reproductive health, and
mental health in the public and private sectors.

References

1.

2030

World Health Organization. Coronavirus disease
(COVID-19) weekly epidemiological update and weekly
operational update. 2022 [cited 2022 Oct 4]. https:/ /www.
who.int/publications/m/item/weekly-epidemiological-
update-on-covid-19 — 28-september-2022

Public Health England. Understanding cycle threshold (Ct)
in SARS-CoV-2 RT-PCR [cited 2022 Feb 22]. https:/ /assets.
publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/ 926410/ Understanding_
Cycle_Threshold__Ct__in_SARS-CoV-2_RT-PCR_.pdf
Caplan A, Bates KW, Brioni C, Santos A, Sabatini LM,

Kaul KL, et al. Clinical characteristics and viral load
dynamics of COVID-19 in a mildly or moderately
symptomatic outpatient sample. PLoS One. 2021;16:0258970.
https:/ /doi.org/10.1371/journal.pone.0258970

Walker AS, Pritchard E, House T, Robotham JV, Birrell PJ, Bell I,
etal,; COVID-19 Infection Survey Team. Ct threshold values, a
proxy for viral load in community SARS-CoV-2 cases,
demonstrate wide variation across populations and over time.
eLife. 2021;10:e64683. https:/ / doi.org/10.7554/ eLife.64683
Fox-Lewis A, Fox-Lewis S, Beaumont ], Drinkovi¢ D,
Harrower J, Howe K, et al. SARS-CoV-2 viral load
dynamics and real-time RT-PCR cycle threshold
interpretation in symptomatic non-hospitalised individuals
in New Zealand: a multicentre cross sectional observational
study. Pathology. 2021;53:530-5. https:/ /doi.org/10.1016/
j.pathol.2021.01.007

LiuY, Yan LM, Wan L, Xiang TX, Le A, Liu JM, et al. Viral
dynamics in mild and severe cases of COVID-19. Lancet
Infect Dis. 2020;20:656-7. https:/ /doi.org/10.1016/
51473-3099(20)30232-2

Lee LYW, Rozmanowski S, Pang M, Charlett A, Anderson C,
Hughes GJ, et al. Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infectivity by viral load, S
gene variants and demographic factors, and the utility of
lateral flow devices to prevent transmission. Clin Infect Dis.
2022;74:407-15. https:/ / doi.org/10.1093 / cid / ciab421
Salvatore PP, Dawson P, Wadhwa A, Rabold EM, Buono S,
Dietrich EA, et al. Epidemiological correlates of polymerase
chain reaction cycle threshold values in the detection of
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). Clin Infect Dis. 2021;72:€761-7.
https://doi.org/10.1093/cid / ciaa1469

Wolfel R, Corman VM, Guggemos W, Seilmaier M,

Zange S, Miiller MA, et al. Virological assessment of
hospitalized patients with COVID-2019. Nature.
2020,581:465-9. https:/ / doi.org/10.1038 / s41586-020-2196-x

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Howard-Jones AR, Maddocks S, Basile K, Dwyer DE,
Branley J, Kok J. Prolonged PCR positivity in elderly
patients infected with SARS-CoV-2. Pathology. 2021;53:914-
6. https:/ /doi.org/10.1016/j.pathol.2021.08.004

Shah S, Singhal T, Davar N, Thakkar P. No correlation
between Ct values and severity of disease or mortality in
patients with COVID 19 disease. Indian ] Med Microbiol.
2021;39:116-7. https:/ / doi.org/10.1016/j.ijmmb.2020.10.021
Aranha C, Patel V, Bhor V, Gogoi D. Cycle threshold values
in RT-PCR to determine dynamics of SARS-CoV-2 viral load:
an approach to reduce the isolation period for COVID-19
patients. ] Med Virol. 2021;93:6794-7. https://doi.org/
10.1002/jmv.27206

Zheng S, Fan ], Yu F, Feng B, Lou B, Zou Q, et al. Viral load
dynamics and disease severity in patients infected with
SARS-CoV-2 in Zhejiang province, China, January-March
2020: retrospective cohort study. BMJ. 2020;369:m1443.
https://doi.org/10.1136/bmj.m1443

Fukushima T, Kabata H, Yamamoto R, Suhara T,

Uwamino Y, Kondo Y, et al.; Keio Donner Project Team.
The real-time reverse transcription-polymerase chain
reaction threshold cycle values for severe acute respiratory
syndrome coronavirus 2 predict the prognosis of
coronavirus disease 2019 pneumonia. Respir Investig.
2021;59:360-3. https:/ /doi.org/10.1016/j.resinv.2020.12.011
Rajyalakshmi B, Samavedam S, Reddy PR, Aluru N.
Prognostic value of “cycle threshold” in confirmed
COVID-19 patients. Indian ] Crit Care Med. 2021,25:322-6.
https:/ /doi.org/10.5005/jp-journals-10071-23765

El Zein S, Chehab O, Kanj A, Akrawe S, Alkassis S,

Mishra T, et al. SARS-CoV-2 infection: initial viral load
(iVL) predicts severity of illness/outcome, and declining
trend of iVL in hospitalized patients corresponds with
slowing of the pandemic. PLoS One. 2021;16:€0255981.
https:/ /doi.org/10.1371/journal.pone.0255981

Faico-Filho KS, Passarelli VC, Bellei N. Is higher viral load
in SARS-CoV-2 associated with death? Am ] Trop Med Hyg.
2020;103:2019-21. https:/ / doi.org/10.4269/ ajtmh.20-0954
Magleby R, Westblade LF, Trzebucki A, Simon MS,

Rajan M, Park ], et al. Impact of severe acute respiratory
syndrome coronavirus 2 viral load on risk of intubation and
mortality among hospitalized patients with coronavirus
disease 2019. Clin Infect Dis. 2021;73:4197-205.

de la Calle C, Lalueza A, Manchefio-Losa M,

Maestro-de la Calle G, Lora-Tamayo J, Arrieta E, et al.
Impact of viral load at admission on the development of
respiratory failure in hospitalized patients with SARS-CoV-2
infection. Eur ] Clin Microbiol Infect Dis. 2021;40:1209-16.
https:/ /doi.org/10.1007/s10096-020-04150-w

Euser S, Aronson S, Manders I, van Lelyveld S, Herpers B,
Sinnige J, et al. SARS-CoV-2 viral-load distribution reveals
that viral loads increase with age: a retrospective cross-
sectional cohort study. Int ] Epidemiol. 2022;6,50:1795-1803.
Polese-Bonatto M, Sartor ITS, Varela FH, Giannini GLT,
Azevedo TR, Kern LB, et al.; COVIDa Study Group.
Children have similar reverse transcription polymerase
chain reaction cycle threshold for severe acute respiratory
syndrome coronavirus 2 in comparison with adults. Pediatr
Infect Dis J. 2021;40:e413-7. https:/ /doi.org/10.1097/
INF.0000000000003300

Heald-Sargent T, Muller WJ, Zheng X, Rippe ], Patel AB,
Kociolek LK. Age-related differences in nasopharyngeal severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
levels in patients with mild to moderate coronavirus disease
2019 (COVID-19). JAMA Pediatr. 2020;174:902-3.

https:/ /doi.org/10.1001/jamapediatrics.2020.3651

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 29, No. 10, October 2023



23.

24.

25.

26.

27.

28.

29.

30.

31.

Puhach O, Adea K, Hulo N, Sattonnet P, Genecand C,

Iten A, et al. Infectious viral load in unvaccinated and
vaccinated patients infected with SARS-CoV-2 WT,

Delta and Omicron. Nat Med. 2022;28:1491-1500.

https:/ /doi.org/10.1101/2022.01.10.22269010

Al Bayat S, Mundodan J, Hasnain S, Sallam M, Khogali H,
Ali D, et al. Can the cycle threshold (Ct) value of RT-PCR
test for SARS CoV2 predict infectivity among close
contacts? ] Infect Public Health. 2021;14:1201-5.

https:/ /doi.org/10.1016/jjiph.2021.08.013

Singanayagam A, Patel M, Charlett A, Lopez Bernal ],
Saliba V, Ellis J, et al. Duration of infectiousness and
correlation with RT-PCR cycle threshold values in cases of
COVID-19, England, January to May 2020. Euro

Surveill. 2020;25:2001483. https:/ /doi.org/10.2807/
1560-7917.ES.2020.25.32.2001483

Falasca F, Sciandra I, Di Carlo D, Gentile M, Deales A,
Antonelli G, et al. Detection of SARS-COV N2 gene: very
low amounts of viral RNA or false positive? ] Clin Virol.
2020;133:104660. https:/ /doi.org/10.1016/].jcv.2020.104660
Bridge JA. Reverse transcription-polymerase chain reaction
molecular testing of cytology specimens: pre-analytic and
analytic factors. Cancer Cytopathol. 2017;125:11-9.

https:/ /doi.org/10.1002/cncy.21762

Walker AS, Vihta KD, Gethings O, Pritchard E, Jones J,
House T, et al. Tracking the emergence of SARS-CoV-2
Alpha variant in the United Kingdom. N Engl ] Med. 2021;
385:2582-5.

National Health ServiceS. Get tested for coronavirus
(COVID-19) [cited 2022 Mar 17]. https:/ /www.nhs.uk/
conditions/coronavirus-covid-19/ testing/ get-tested-for-
coronavirus

Smith BF, Graven PF, Yang DY, Downs SM, Hansel DE,
Fan G, et al. Using spike gene target failure to estimate
growth rate of the Alpha and Omicron variants of
SARS-CoV-2. ] Clin Microbiol. 2022;60:0257321.

https:/ /doi.org/10.1128 /jcm.02573-21

Hay JA, Kennedy-Shaffer L, Kanjilal S, Lennon NJ, Gabriel SB,
Lipsitch M, et al. Estimating epidemiologic dynamics from
cross-sectional viral load distributions. Science. 2021;373:
eabh0635. https:/ / doi.org/10.1126 / science.abh0635

Cycle Threshold and SARS-CoV-2 New Variants

32. Abdulrahman A, Mallah SI, Alawadhi A, Perna S,

Janahi EM, AlQahtani MM. Association between RT-PCR
Ct values and COVID-19 new daily cases: a multicenter
cross-sectional study. Infez Med. 2021;29:416-26.

https:/ /doi.org/10.53854 /1iim-2903-13

33. Rodriguez-Grande C, Catalan P, Alcala L,
Buenestado-Serrano S, Adédn-Jiménez J, Rodriguez-Maus S,
et al.; Gregorio Marafién Microbiology-ID COVID 19 Study
Group. Different dynamics of mean SARS-CoV-2 RT-PCR Ct
values between the first and second COVID-19 waves in the
Madrid population. Transbound Emerg Dis. 2021;68:3103-6.
https:/ /doi.org/10.1111/tbed.14045

34. Shoaib N, Igbal A, Shah FA, Zainab W, Qasim M, Zerqoon N,
et al. Population-level median cycle threshold (Ct) values for
asymptomatic COVID-19 cases can predict the trajectory of
future cases. PLoS One. 2023;18:€0281899. https:/ / doi.org/
10.1371/journal.pone.0281899

35. Veronesi L, Colucci ME, Pasquarella C, Caruso L,
Mohieldin Mahgoub Ibrahim M, Zoni R, et al. Virological
surveillance of SARS-CoV-2 in an Italian northern area:
comparison of real time RT PCR cycle threshold (Ct)
values in three epidemic periods. Acta Biomed. 2020;91
(9-S):19-21.

36. Yin N, Dellicour S, Daubie V, Franco N, Wautier M, Faes C,
et al. Leveraging of SARS-CoV-2 PCR cycle thresholds
values to forecast COVID-19 trends. Front Med (Lausanne).
2021;8:743988 https:/ /doi.org/10.3389/fmed.2021.743988

37. Tso CF, Garikipati A, Green-Saxena A, Mao Q, Das R.
Correlation of population SARS-CoV-2 cycle threshold
values to local disease dynamics: exploratory observational
study. JMIR Public Health Surveill. 2021;7:€28265.
https:/ /doi.org/10.2196/28265

38.  World Health Organization. Coronavirus disease 2019
(COVID-19) situation report-52 [cited 2023 Jun 18].
https:/ /www.who.int/docs/ default-source/ coronaviruse/
situation-reports/20200312-sitrep-52-covid-19.pdf

Address for correspondence: Rebecca E. Harrison, UKHSA,
Nobel House, 17 Smith Sq, London SW1P 3]JR, UK; email:
rebecca8harrison@gmail.com

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023 2031



RESEARCH

Comprehensive Case—Control
Study of Protective and
Risk Factors for Buruli Ulcer,
Southeastern Australia

Bridgette J. McNamara, Kim R. Blasdell, Arvind Yerramilli, Ina L. Smith, Simone L. Clayton,
Michael Dunn, Ee Laine Tay, Katherine B. Gibney, Nilakshi T. Waidyatillake,
Mohammad A. Hussain, Michael Muleme, Daniel P. O’'Brien,* Eugene Athan?

To examine protective and risk factors for Buruli ulcer
(BU), we conducted a case—control study of 245 adult
BU cases and 481 postcode-matched controls across
BU-endemic areas of Victoria, Australia. We calculated
age- and sex-adjusted odds ratios for socio-environ-
mental, host, and behavioral factors associated with
BU by using conditional logistic regression. Odds of
BU were >2-fold for persons with diabetes mellitus and
persons working outdoors who had soil contact in BU-
endemic areas (compared with indoor work) but were
lower among persons who had bacillus Calmette—
Guérin vaccinations. BU was associated with increas-
ing numbers of possums and with ponds and bore
water use at residences. Using insect repellent, cover-
ing arms and legs outdoors, and immediately washing
wounds were protective; undertaking multiple protec-
tive behaviors was associated with the lowest odds of
BU. Skin hygiene/protection behaviors and previous
bacillus Calmette—Guérin vaccination might provide
protection against BU in BU-endemic areas.

'Buruli ulcer (BU) is a necrotizing infection of the
skin and soft tissue caused by the environmental
bacterium Mycobacterium ulcerans (1,2) and is 1 of 20
neglected tropical diseases recognized by the World
Health Organization (3). BU often begins as a small
papule or plaque with progressive ulceration if left
untreated (4). The incubation period is #4-5 months,

whereas the average delay from symptom onset to
diagnosis is 1-2 months (5-7). Although sporadic
cases have been noted globally, BU remains endem-
ic in sub-Saharan Africa and more temperate south-
eastern Australia, 2 regions with vastly differing
social and environmental conditions (8). In south-
eastern Australia, cases are most frequently detected
in Mornington and Bellarine Peninsulas, regions on
opposite sides of Port Philip Bay in Victoria state (6).
BU case numbers have increased markedly in the
previous decade in Victoria; disease-endemic areas
within the region have expanded (9,10), but the rea-
sons remain unclear.

The exact mechanisms of M. ulcerans transmis-
sion are elusive and might differ between endemic
areas. Nevertheless, research has revealed certain
key variables; leading theories involve insect bites or
environmental contamination through minor trauma
or existing wounds (2,11). In southeastern Austra-
lia, possums evidently play a crucial role as an ani-
mal reservoir that can sustain clinical disease and
shed viable M. ulcerans through feces (12-14). Two
species in particular, the common brushtail (Tricho-
surus vulpecula) and common ringtail (Pseudocherius
peregrinus) possums, have been implicated as reser-
voir hosts. Furthermore, research in Australia reports
mosquitoes as possible mechanical vectors (15-17).
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A previous questionnaire-based case-control study
in Victoria showed that being bitten by mosquitoes
increased the odds of M. ulcerans infection, whereas
wearing protective clothing or applying insect repel-
lent decreased the odds (18). In contrast, no convinc-
ing evidence exists that mosquitoes play a role in M.
ulcerans transmission in West Africa. M. ulcerans DNA
has been detected in environmental samples of other
insects from aquatic areas in West Africa, such as wa-
ter bugs (Hemiptera), dragonfly larvae (Odonata),
and beetle larvae (Coleoptera) (2).

Environmental and climate factors also appear
to play a critical role in M. ulcerans transmission
dynamics. In Africa, cases of BU occur proximate
to natural water bodies (2). Heavy rainfall and sub-
sequent flooding have also been associated with in-
creased detection of M. ulcerans in the environment
and increased BU case numbers in certain regions
(9,19). Environmental surveys, conducted as a sep-
arate part of this research project, showed that the
odds of M. ulcerans bacteria existing within a proper-
ty increased with the presence of certain native plant
species, alkaline soil, and lower altitude, along with
the presence of overhead powerlines and common
ringtail possums (14).

Cleaning wounds immediately after trauma and
the use of Mycobacterium bovis bacillus Calmette-
Guérin (BCG) vaccination (for tuberculosis, also
caused by a mycobacterium) might mitigate the risk
of acquiring BU, although evidence regarding BCG
vaccination is conflicting (18,20,21). In addition, BU
lesions are common on exposed body areas, consis-
tent with the premise that protective clothing might
decrease BU risk by reducing insect bites and mi-
nor skin trauma that can cause potential inoculat-
ing events (22,23).

Protective and Risk Factors for Buruli Ulcer

Determining risks and protective factors for BU
is crucial to determine effective intervention and con-
trol strategies. Therefore, we conducted a case-con-
trol study to identify environmental, host, and behav-
ioral risk and protective factors associated with BU
in Victoria, Australia, where increasing cases and ex-
panding BU-endemic areas have been observed.

Methods

Study Design and Participants

We performed a postcode matched, case-control
study in BU-endemic areas surrounding Port Phillip
Bay, Victoria, Australia (Figure 1, Appendix Table
1, https://wwwnc.cdc.gov/EID/article/29/10/23-
0011-Appl.pdf). Ethics approval was granted by the
Victoria Department of Health Human Research Eth-
ics Committee (project 10-18). We invited adults (>18
years of age) to participate in the study who resided
in Victoria and were notified to the Department of
Health in Victoria as having laboratory-confirmed
BU during June 2018-June 2020. We extracted case
data from the Victoria Department of Health Pub-
lic Health Events Surveillance System. We recruited
case-patients via regular mail after receiving permis-
sion for contact from the patient’s general practitio-
ner or treating medical team. We restricted analysis to
residents or holiday homeowners in the study areas
(Figure 2).

We matched control participants (residents of
Victoria >18 years of age) to patients according to res-
idential postal codes within the study area. We select-
ed controls from both the Victorian Population Health
Survey (participants who had provided consent to be
contacted for other research studies) and the electoral
roll of Australia (when additional matched controls

Figure 1. Locations of Buruli ulcer—endemic areas included in comprehensive case-control study of protective and risk factors for Buruli
ulcer, Victoria, Australia. Colors indicate risk classifications at beginning of the study period, and numbers indicate percentage of total
participating case-patients for each location within the study area. Full map of Australia shows study area in southeastern region.
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Figure 2. Flow diagrams of study recruitment, participation, and exclusion criteria in comprehensive case—control study of protective and
risk factors for Buruli ulcer, southeastern Australia. A) Case-patient recruitment; B) control recruitment.

were required for a particular postcode). We exclud-
ed controls if they or a household member had been
previously diagnosed with BU (Figure 2).

Participation for both patients and controls in-
volved the return of a completed study question-
naire. In addition, a subsample of patients and con-
trols were enrolled in an environmental survey of
residential properties that investigated the presence
of M. ulcerans (14).

Data Collection and Measurements

We used a self-administered questionnaire to ex-
amine the amount of time participants spent in the
study areas, outdoor and lifestyle behaviors, in-
sect exposure, medical history, and environmental
characteristics of the participants’ properties. We
evaluated those details and formulated response
and collapsed categories for analysis (Appendix
Table 2). Participant-reported medications and con-
ditions that might affect the immune system were
reviewed by a physician specializing in infectious
diseases (D.P.O.) to ascertain those likely to cause
immunosuppression. We devised an occupational
classification related to potential environmental ex-
posure to M. ulcerans through employment by using

2034

participant responses to 2 questions: what propor-
tion of your time do you spend outside as part of
your occupation and are you in contact with the
soil during your work? We examined the effects of
working outdoors and having soil contact among
participants whose employment was based in the
study (disease-endemic) areas only.

Statistical Analysis

We evaluated host, environmental, and behavioral
factors according to BU case status. We examined re-
lationships between those factors and the likelihood
of developing BU by using multivariable conditional
logistic regression; cases and controls were matched
by postcode. We calculated odds ratios adjusted for
age and sex (aORs) and 95% Cls for the total par-
ticipant sample (residents and holiday homeowners)
and separately for residents only (Appendix Tables
3-11). Percentages of missing data were generally
low (<3% for most factors); if missing data were
>10%, we included a separate category for those par-
ticipants with missing exposure data in the model
unless otherwise stated. Given the expectation that
participants might have multiple potentially pro-
tective health behaviors, we examined patterns and

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023



clustering of those behaviors by using polychoric
correlations and exploratory factor analysis (Appen-
dix; Appendix Figures 2, 3).

We conducted a post-hoc sensitivity analysis to
explore the robustness of the observed relationship
between BCG vaccination and BU case status; we re-
stricted analysis to participants 47-70 years of age
who were within the age-range eligible for BCG vac-
cination as part of the routine vaccination schedule
for schoolchildren in Victoria from the 1950s to 1985
(24). We analyzed those reporting receipt of BCG
vaccination and those unsure of vaccination status
as a single category (under the assumption of likely
vaccination through routine vaccination) and com-
pared them with age-matched participants report-
ing no BCG vaccination. We performed analyses by
using Stata 15 (StataCorp LLC, https://www.stata.
com) except for factor analysis, which we performed
by using Stata 16.

Results

Demographic and Clinical Characteristics

of Participants

We examined data from 245 (57% participation rate)
BU case-patients and 481 (18%) postcode-matched
control participants from across the BU-endemic ar-
eas; 171 (70%) patients and 469 (97.5%) controls were
permanent residents in the study areas, and most
(71%) were homeowners in high BU-endemic areas
of Mornington Peninsula (Figure 1). Half (123/245) of
case-patients were 60-79 years of age, signifying an
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overrepresentation when compared with all notified
cases in the study areas (204/550 [37%] 60-79 years
of age). In contrast, patients 18-39 years of age were
underrepresented in our participant sample (35/245
[14%] compared with 134/550 [24%] among noti-
fied cases) (Appendix Table 12). We also observed an
overrepresentation of controls 60-79 years of age and
a large underrepresentation of controls 18-39 years of
age when compared with population proportion esti-
mates (Appendix Table 12). Male sex was associated
with BU case status (57.6% of BU cases vs. 44.7% of
controls; aOR 1.52 [95% CI 1.06-2.19]).

BU cases were reported predominantly during
winter (44%) and spring (38%) (Table; Appendix
Figure 1). The median time between symptom on-
set and diagnosis was 5 (interquartile range [IQR]
3-12) weeks; duration was longer for patients who
were holiday homeowners (8 [IQR 4-13]) weeks than
for those who were residents (4 [IQR 3-10] weeks;
p<0.0001 by rank-sum test). An insect bite, wound, or
injury to the affected area was reported in 36% of BU
cases before ulcers appeared.

Host Factors

We evaluated associations between host factors and
BU case status (Figure 3). Persons with a history of
diabetes mellitus had a higher probability of develop-
ing BU than those without diabetes (aOR 2.26 [95% CI
1.13-4.49]). An association was observed with prednis-
olone therapy (aOR 2.56 [95% CI 1.28-5.13]); however,
this result could be confounded by persons commenc-
ing prednisolone therapy during their BU treatment.

Figure 3. Odds of developing
Buruli ulcer according to different
host factors in comprehensive
case—control study of protective
and risk factors for Buruli ulcer,
southeastern Australia. Host
characteristics are shown

for case-patients and control
participants as no. (%). Odds
ratios (adjusted according to
age and sex) and 95% Cls

are indicated. Vaccination was
with Mycobacterium bovis

BCG vaccine for tuberculosis.
Immunocompromised conditions
category was for any participant
who reported a condition that
had the potential to compromise
the immune system (excluding
diabetes and cancer [active or
historical]; cancer status was
not available in this study).

aOR, adjusted odds ratio; BCG,
bacillus Calmette-Guérin vaccine;
BU, Buruli ulcer.
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Receipt of BCG vaccination was associated with
lower odds of BU (aOR 0.59 [95% CI 0.39-0.90]) than
for participants reporting no BCG vaccination. No re-
lationship between BU and vaccination timing (<20 or
>20 years ago) was observed. Of note, 41% of patients
and 31% of controls reported that they were unsure
whether they had received the vaccination. In the
sensitivity analysis that restricted participant age to
47-70 years (those unsure were assumed vaccinated),
the observed association between BU and BCG vac-
cination persisted but was attenuated; aOR was 0.71
(95% CI0.41-1.22) for the entire age-restricted partici-
pant sample (Appendix Table 11).

Environmental Factors

The presence of possums around the property was
strongly associated with BU in residents (aOR 5.30
[95% CI1.82-15.49]) and, to a lesser extent, in the en-
tire participant sample (aOR 2.33 [95% CI 1.15-4.71]).
The likelihood of developing BU increased with the
number of possums reported around the residential
property (Figure 4; Appendix Table 5); large amounts

of possum feces (compared with none) (aOR 1.88
[95% CI1.05-3.36]); and with the presence of tea trees
(Leptospermum sp.), a common habitat for possums,
on the property (aOR 1.72 [95% CI 1.10-2.69]).

Most (98%) properties used piped (town) water
for drinking, bathing, and garden watering. Par-
ticipants drinking filtered town water (274/721,
38% of total participants) had lower odds of de-
veloping BU than those not drinking filtered town
water (aOR 0.64 [95% CI 0.46-0.90]). Of those not
drinking filtered town water, 433 /447 (97 %) drank
unfiltered town water, and 14 (3%) drank water
from other sources only, such as tank or bottled
water. Use of bore water by residents for bathing
or garden watering was associated with BU (aOR
1.56 [95% CI 0.98-2.50]). Water sources around the
property were not associated with BU case status,
except for the presence of ponds (aOR 1.69 [95% ClI
0.99-2.89]) for residents (Figure 4). We observed
no associations between case status and the pres-
ence of other nonpossum wildlife or biting insects;
use of garden products (mulch or potting mix)

Table. Characteristics of patients and disease manifestations in comprehensive case—control study of protective and risk factors for

Buruli ulcer, southeastern Australia*

Characteristics Cases, n =245 Controls, n =481
Age group, y

18-39 35 (14) 38 (8)

40-59 68 (28) 125 (26)

60-79 123 (50) 278 (58)

>80 19 (8) 40 (8)
Sex

F 104 (42) 266 (55)

M 141 (58) 215 (45)
Employment statust

Employed 124 (51) 211 (44)

Unpaid employment, unemployed 19 (8) 18 (4)

Retired 100 (41) 249 (52)
Notification dates

Summer, Dec-Feb 26 (11) NA

Autumn, Mar—May 18 (7) NA

Winter, Jun—Aug 107 (44) NA

Spring, Sep—Nov 94 (38) NA
Duration of symptoms before diagnosis, wk

Median (IQR) 5(3-12) NA

Missing data 21(9) NA
Days from notification to questionnaire completion

Median (IQR) 56 (38-90) NA
Insect bite/wound/injury to area before ulcer developed

Yes 99 (40) NA

No 42 (17) NA

Unsure 88 (36) NA

Missing data 16 (7) NA
Type of bite/wound/injury in area before ulcer developed, n = 99

Insect bite 51 (52) NA

Wound/injury 30 (30) NA

Mixed 6 (6) NA

Other, unsure/missing data 12 (12) NA
Time from wound/bite to ulcer, if yes, n = 87

Median, weeks (IQR) 6 (3-13) NA

*Values are no. (%) except as indicated. IQR, interquartile range; NA, not applicable.

tUnpaid employment included students and persons with home duties.
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Figure 4. Odds of developing Buruli ulcer according to different environmental factors in comprehensive case—control study of protective
and risk factors for Buruli ulcer, southeastern Australia. Environmental factors are shown for case-patients and control participants as no.
(%). Odds ratios (adjusted according to age and sex) and 95% Cls are indicated. aOR, adjusted odds ratio; BU, Buruli ulcer.

among residents; or with earthworks, major reno-
vations, or sewerage works near the property (Ap-
pendix Table 7).

Exposures

Working outdoors was associated with higher odds of
BU than working indoors in BU-endemic areas (Fig-
ure 5); highest odds were associated with occupations
involving soil contact (aOR 2.89 [95% CI 1.01-8.25]).

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

Outdoor occupations that involved soil contact were
commonly gardeners, carpenters, and other construc-
tion-related roles.

We found no association between gardening fre-
quency and BU case status among residents (Figure
5); however, the entire participant sample compris-
ing more holiday homeowner cases had lower odds
for BU (aOR 0.50 [95% CI 0.34-0.74]). Participants
partaking in outdoor activities (>95% of participants)

2037



RESEARCH

Figure 5. Odds of developing Buruli ulcer according to potential outdoor exposures in comprehensive case—control study of protective
and risk factors for Buruli ulcer, southeastern Australia. Potential outdoor exposures are shown for case-patients and control participants
as no. (%). Odds ratios (adjusted according to age and sex) and 95% Cls are indicated. aOR, adjusted odds ratio; BBQ, barbeque; BU,

Buruli ulcer.

had a lower likelihood of developing BU than those
not undertaking outdoor activities (aOR 0.34 [95% CI
0.17-0.68]). However, we observed no strong asso-
ciations between participants undertaking individual
activities (beach walks/jogging, wetland walks/jog-
ging, bushwalking, golf, sports on an oval, swimming
in local lakes/rivers, sailing, outdoor barbeques, or
other activities) and those not undertaking the activ-
ity (Appendix Table 9).

Protective Behavioral Factors

We analyzed associations between protective health
behaviors and BU case status (Figure 6). Several pro-
tective behaviors were associated with lower odds
of developing BU: tending immediately to cuts and
scratches received during outdoor activity by wash-
ing the area and then applying antiseptic or dress-
ings (aOR 0.56 [95% CI 0.36-0.87]), wearing insect

2038

repellant during warmer months (aOR 0.62 [95%
CI 0.43-0.89]), and covering arms and legs with
clothing (aOR 0.59 [95% CI 0.36-0.90]). Participants
who combined protective behaviors had the stron-
gest correlations between tending to new wounds,
covering preexisting wounds, washing hands after
outdoor activity, and using gloves for gardening
(Appendix Figures 2, 3). Combining protective be-
haviors was associated with lower odds of BU; we
observed a gradient of decreasing odds for BU in
those undertaking higher numbers of protective be-
haviors (Figure 6).

Discussion

We conducted a comprehensive case-control study in
temperate, BU-endemic areas of Victoria, Australia,
and found that the presence of possums or a pond on
residential property was a key environmental factor

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023
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Figure 6. Odds of developing Buruli ulcer according to protective behavioral factors in comprehensive case-control study of protective
and risk factors for Buruli ulcer, southeastern Australia. Potential protective behavioral factors are shown for case-patients and control
participants as no. (%), except for factor analyses, which are shown as mean (SD). Odds ratios (adjusted according to age and sex)
and 95% Cls are indicated. Includes binary variable for tending to outdoor cuts and scratches immediately (usually/always vs all other
responses). aOR, adjusted odds ratio; BU, Buruli ulcer; OR, odds ratio.
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for BU, whereas having diabetes mellitus and work-
ing outdoors (especially in contact with soil) were key
host factors associated with higher probability of de-
veloping BU. We identified modifiable health behav-
iors for public health intervention relating to skin hy-
giene and protection, including tending immediately
to outdoor cuts and scratches by cleaning and apply-
ing antiseptic or dressing, using insect repellant, and
covering arms and legs with clothing. Moreover, un-
dertaking multiple protective behaviors was associ-
ated with lower odds of developing BU. We found a
protective association between BCG vaccination and
BU, as well as the unexpected finding of a protective
association for drinking filtered town water com-
pared with unfiltered water, which warrants further
investigation. We found no evidence for associations
between BU and other hypothesized risks, including
gardening, other outdoor leisure activities, pet own-
ership, major renovations or earthworks, or sewerage
type or works.

Our findings strengthen the evidence for pos-
sums as a key mammal reservoir of M. ulcerans in Vic-
toria (12,14). Possums can become infected with M.
ulcerans; >40% of possum fecal samples collected in 1
BU-endemic area were positive for M. ulcerans DNA,
and a considerable proportion of possums displayed
BU skin lesions (12). The environmental survey com-
ponent of this study found possum feces to be a key
source of viable bacteria (14); M. ulcerans DNA was
found in 23% and viable M. ulcerans bacteria in 5% of
all ringtail possum fecal samples (14). According to
participant responses, we found that increased likeli-
hood of BU was associated with increasing numbers
of possums at the participant’s property and with in-
creasing amounts of possum feces. The number of tea
trees, a common possum habitat, on the property was
also highly associated with BU case status.

The involvement of aquatic environments has
been suggested for M. ulcerans transmission in BU-
endemic areas of West Africa, but limited evidence
has been found in Victoria (2,11). In our study, res-
idential ponds and use of bore water were associ-
ated with BU. Contributions to BU incidence remain
unclear for direct contact with contaminated wa-
ter; ponds providing habitat for mosquitoes, which
could act as mechanical vectors; or ponds attract-
ing mammal reservoirs. The protective association
found for piped, filtered town drinking water was
unexpected; town water catchments for BU-endem-
ic areas also provide water to many nonendemic
metropolitan areas; thus, the protective association
for water filtration might reflect other unmeasured
confounding factors affecting BU risk. Furthermore,
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correlations between drinking filtered water and
other potentially protective behaviors were rela-
tively weak (correlation coefficient <0.18), and clus-
tering of those behaviors does not appear to explain
the association. Although M. ulcerans infection in the
gastrointestinal tract of infected possums has been
reported (25), whether M. ulcerans exposure via in-
gestion could result in BU skin lesions in humans
is unclear. The relationship between bore water and
BU might not indicate bore water use is a risk factor
for BU; rather, bore water might be associated with
the presence of M. ulcerans in the environment, such
as in plants or possums.

Mosquitoes have been proposed as likely me-
chanical vectors for BU in Australia but are less likely
candidates in West Africa (11). We did not find as-
sociations between reported levels of local mosqui-
toes or other biting insects and BU. However, we did
find a protective association between BU and use of
insect repellant, consistent with a previous case-con-
trol study on Bellarine Peninsula in Victoria, where
72% lower odds of BU were found among persons
using insect repellent (18). In contrast to that study,
we found a relatively higher percentage of persons
reporting insect repellent use (68% vs. 31% of case-pa-
tients and 79% vs. 54% of controls). Our results indi-
cate a positive public health development, given the
role of mosquitoes in transmission of several arboviral
diseases, and might be the result of local public health
campaigns (10), such as Beat the Bite (https://www.
betterhealth.vic.gov.au/sites/default/files/2021-10/
Beat-the-bite-brochure.pdf).

Skin protection and skin hygiene behaviors were
associated with lower odds of BU. We found that
tending to cuts and scratches during outdoor activity
by stopping immediately to wash the area and apply-
ing antiseptic or a dressing had the strongest protec-
tive association, which is consistent with previous
studies in Australia (18) and Cameroon (26). Howev-
er, our study adds new evidence suggesting a dose-
response association that indicates the timeliness of
tending to wounds might also help prevent BU; lower
odds of BU were observed for immediate treatment
compared with leaving the wound alone or tending
eventually. Cuts and scratches obtained during out-
door activities or work might increase inoculating
events with M. ulcerans, which might be present on
the skin after contact with contaminated soil, plants,
or water. Laboratory studies have demonstrated that
a needle puncture or mosquito bite on contaminated
skin was sufficient for M. ulcerans to enter the skin of
mice and cause an ulcer (15). In our study, bites or
wounds were reported in 40% of cases before ulcer
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appearance; some participants recalled specific inju-
ries to the area that preceded ulcer development.

The higher odds of BU in persons with diabetes
is similar to findings for other mycobacterial diseases,
such as tuberculosis and leprosy (27), and might re-
flect increased risk because of impaired cellular im-
munity (28). Targeted messaging highlighting the im-
portance of protective measures might help prevent
BU in persons with diabetes.

We showed that BCG vaccination was highly
protective against BU (aOR 0.59 [95% CI 0.39-0.90]).
Protective effects of BCG vaccination against tuber-
culosis and leprosy have been well established (29).
The vaccine is derived from a live attenuated strain
of M. bovis and shares epitopes with other nontu-
berculous mycobacteria (20). Previous case-control
studies showed conflicting evidence that BCG vac-
cination prevents M. ulcerans infection (29-32). Two
randomized controlled trials demonstrated a protec-
tive effect of BCG vaccination against BU (33,34); a
lower incidence of BU in persons vaccinated with
BCG compared with unvaccinated persons was ob-
served in Uganda, with a combined relative risk es-
timate of 0.50 (95% CI 0.37-0.69) (20). However, both
of those studies demonstrated only short-term effi-
cacy up to 1 year after vaccination; longer-term fol-
low up and analysis were not performed because of
limited sample size. Using different antigenic strains
of BCG might enhance or lengthen protection against
nontuberculous mycobacteria or BU (20,29), whereas
revaccination could also provide more sustained im-
munity to M. ulcerans infection, although this idea
has not been comprehensively explored (20). Further
research on the potential role of BCG vaccination for
protection against BU is warranted.

A key strength of our study of BU risk factors is
the use of a population-based notifiable disease da-
tabase for case detection that ensured robust ascer-
tainment of laboratory-confirmed BU from almost all
BU-endemic locations in Victoria. Compared with a
previous case-control study in the Bellarine Penin-
sula, Victoria (18), this study also examined a com-
prehensive list of environmental, host and behavioral
risk, and protective factors, and we have identified
new public health-related risk groups and environ-
mental risk factors. The graded responses observed
for certain individual protective behaviors as well as
multiple combined behaviors offers strong evidence
and support for causal inference despite the limita-
tions of the observational study design.

The first limitation of our study is the potential
for recall bias given the long disease incubation pe-
riod, potential for differential recall if patients were
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more aware of hypothesized transmission pathways
than controls, and potential effects of seasonality on
recall by matched controls who were recruited after
the patients. Second, potential selection bias was not-
ed because of differential participation between pa-
tients and controls; younger patients were more likely
to participate than younger control participants, and
a greater proportion of holiday homeowners existed
among BU cases. Despite those limitations, survey
completion in this study was rapid (within 2 months
of diagnosis for most cases) compared with the pre-
vious case-control study in Victoria (18), which had
a median completion rate of 1.5 years postdiagno-
sis. We adjusted all analyses for age and sex, and the
postcode-matched design helped account for unmea-
sured socioeconomic and environmental differences
across the BU-endemic areas. By analyzing results for
the entire cohort and separately for residents only, we
found strong associations among the resident cohort
and differential effects of home ownership. Finally,
our findings are relevant to Victoria, Australia, and
might offer insights relevant to other areas; however,
those data might not be immediately generalizable to
other parts of the world.

In conclusion, our study identifies environmen-
tal and host factors associated with BU and simple
behaviors relating to skin hygiene and protection
that appear to mitigate the risk of developing BU.
We highlight areas that warrant further investi-
gation, particularly the potential role of the BCG
vaccine in mitigating BU risk. Our findings are
essential to inform public health strategies for BU
prevention, especially for persons at highest risk in
BU-endemic areas who work outdoors and those
with diabetes.
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Candida auris Clinical Isolates
Associated with Outbreak In
Neonatal Unit of Tertiary
Academic Hospital, South Africa

Dikeledi Kekana, Serisha D. Naicker, Liliwe Shuping, Sithembiso Velaphi,
Firdose L. Nakwa, Jeannette Wadula, Nelesh P. Govender, for GERMS-SA?

Candida auris was first detected at a university-affiliat-
ed hospital in Johannesburg, South Africa, in 2009. We
used whole-genome sequencing to describe the molecu-
lar epidemiology of C. auris in the same hospital during
2016-2020; the neonatal unit had a persistent outbreak
beginning in June 2019. Of 287 cases with culture-con-
firmed C. auris infection identified through laboratory sur-
veillance, 207 (72%) had viable isolates and 188 (66%)
were processed for whole-genome sequencing. Clade Il
(118/188, 63%) and IV (70/188, 37%) isolates co-circu-
lated in the hospital. All 181/188 isolates that had a flu-
conazole MIC >32 ug/mL had ERG11 mutations; clade
Il isolates had VF125AL substitutions, and clade IV
isolates had K177R/N335S/E343D substitutions. Domi-
nated by clade lll, the neonatal unit outbreak accounted
for 32% (91/287) of all cases during the study period.
The outbreak may have originated through transmission
from infected or colonized patients, colonized healthcare
workers, or contaminated equipment/environment.

Candida auris is a multidrug-resistant yeast that
causes invasive infections with high associated
mortality in acute and long-term healthcare facili-
ties worldwide (1,2). Although C. auris was initially
described in 2009 in Japan, the earliest cases of in-
fection in South Africa were reported in 2014 (3).
Those cases prompted a retrospective review of
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surveillance isolates that identified a case of C. au-
ris bloodstream infection in 2009 at a Johannesburg
academic hospital (4). The rapid emergence and
international spread during 2014-2023, high crude
mortality rates (30%-60%), and antifungal resis-
tance make C. auris a global public health concern;
the World Health Organization has designated it a
critical-priority fungal pathogen (5,6).

Neonatal outbreaks caused by C. auris are oc-
casionally documented, although early outbreaks
in South Africa occurred mainly among critically ill
adults (7). In more recent years, C. auris has caused
outbreaks involving neonates and has subsequently
become endemic in many hospitals in South Africa
(7-10). C. parapsilosis has been a major pathogen caus-
ing late-onset sepsis among hospitalized neonates in
low- and middle-income countries because of its abil-
ity to colonize the skin of hospitalized patients and
healthcare workers, persist on hospital surfaces, and
adhere to indwelling medical devices, characteristics
that are also applicable to C. auris (11,12).

C. auris is classified into several genetically dis-
tinct clades. Clade I originated in South Asia, clade
II in East Asia, clade III in Africa, clade IV in South
America, and clade V in the Middle East (Iran) (13).
All clades exhibit minimal intraclade genetic diver-
sity but are separated from each other by tens to
hundreds of thousands of single nucleotide polymor-
phisms (13,14). A possible sixth clade was reported
from Singapore and Bangladesh in August 2023 (C.
Suphavilai et al., unpub. data, https:/ /www.medrxiv.
org/content/10.1101/2023.08.01.23293435v1). Most
clade isolates from Africa are resistant to fluconazole;
some are resistant to other antifungal classes (9,15).

IMembers of GERMS-SA are listed at the end of this article.
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Globally, echinocandin-resistant isolates are not as
prevalent as azole- and polyene-resistant isolates,
which is partly why echinocandins are recommended
as first-line treatment (5).

We aimed to describe the molecular epidemiol-
ogy of C. auris at a large tertiary academic hospital in
Johannesburg, South Africa by using whole-genome
sequencing (WGS), focusing on a persistent outbreak
in the hospital’s neonatal unit. For GERMS-SA, an on-
going surveillance program, we sought and obtained
annual ethics approvals from several university ethics
committees in South Africa. A detailed description of
GERMS-5A surveillance methods has been published

previously (7).

Materials and Methods

Study Setting and Definitions

We conducted the cross-sectional study at the 3,200-
bed Chris Hani Baragwanath Academic Hospital
(CHBAH) in Soweto, Johannesburg, South Africa.
Affiliated with the University of the Witwatersrand,
CHBAH provides a wide range of subspecialist inpa-
tient and outpatient surgical, medical, pediatric and
obstetrics/ gynecology services. The hospital serves
1.5 million persons around Soweto and surround-
ing areas as a tertiary referral center. The hospital’s
neonatal unit caters to neonates requiring admission
from ~20,000 annual births within the hospital; 3,000
births from local district hospitals and 10,000 births
from the local clinics annually; and those requiring

C. auris Outbreak in Neonatal Unit, South Africa

surgical services from the southern Gauteng and
North West Provinces (16). All C. auris isolates in this
study were received from the onsite microbiology
laboratory at CHBAH.

We included C. auris isolates from all patients
admitted to the neonatal unit from June 12, 2019,
through May 30, 2020 (overlapping with the neona-
tal unit outbreak, which began with an index case
diagnosed on June 12, 2019), as well as isolates from
patients admitted across the hospital from March 1,
2016, through July 31, 2020 (Figure 1). Specimens that
were processed for routine microbiology culture and
yielded C. auris were from blood, central venous cath-
eter (CVC) tips, urine, and wound and burn swabs.
We also included C. auris isolates that were cultured
from swabs collected by targeted screening of high-
risk contact patients in the neonatal unit (e.g., adja-
cent incubator, same cubicle, or both). For all case-pa-
tients with multiple isolates within a 30-day period,
we used the first isolate for analysis. We obtained de-
mographic and clinical data such as age, sex, ward lo-
cation, and site of Candida infection from the GERMS-
SA surveillance database. We defined neonates as <28
days of age, infants as 28 days to <12 months of age,
children as 1-12 years of age, adolescents as 13-17
years of age, and adults as >18 years of age.

Culture, Identification, and Antifungal

Susceptibility Testing

All isolates from invasive and noninvasive cases were
first processed at the CHBAH onsite laboratory. If

Figure 1. Epidemic curve by ward location for 287 laboratory-confirmed cases of Candida auris infection or colonization at an academic
tertiary hospital, South Africa, March 2016—July 2020. ICU, intensive care unit.
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yeasts were observed on microscopic direct exami-
nation or if fungal culture was specifically request-
ed, we inoculated specimens onto Sabouraud agar
(DiagnosticMedia Products[DMP], https:/ /www.nhls.
ac.za). We used Vitek-2 (bioMérieux, https://www.
biomerieux.com) and Microscan Walkaway (Beckman
Coulter, www.beckmancoulter.com) for initial identifi-
cation. We shipped cultures to the National Institute for
Communicable Diseases (NICD) on Dorset transport
medium or agar plates (DMP); we confirmed identifi-
cation and performed antifungal susceptibility testing
before storage (16,17). For this study, we retrieved C.
auris isolates from —70°C freezer storage at the NICD
and subcultured on Sabouraud agar to confirm viabil-
ity, then cultured them onto chromogenic agar (DMP)
to confirm purity (CHROMagar Candida powder was
sourced from Mast Diagnostics, https://www.mast-
group.com). We conducted matrix-assisted laser de-
sorption/ionization-time of flight mass spectrometry
(Bruker Daltonics, https:/ /www.bruker.com) to iden-
tify all C. auris isolates again before further testing.
We performed antifungal susceptibility testing using
commercial gradient diffusion (Etest, bioMérieux) or
broth microdilution assays (Sensititre; Thermo Fisher,
https:/ /www.thermofisher.com). We used the Etest
method to generate amphotericin B MICs because the
gradient diffusion strip provides a wider range of MIC
values than are generated by broth-microdilution test-
ing; the wider range may help discriminate between
susceptible and resistant isolates (17). We interpreted
MICs using tentative breakpoints proposed by the US
Centers for Disease Control and Prevention (I). All
experiments included the quality control strains C.
parapsilosis (ATCC 22019) and C. krusei (ATCC 6258),
following M27-A3 (18) and M60 recommendations of
the Clinical and Laboratory Standards Institute (19).

Whole-Genome Sequencing

We extracted DNA using the Zymo Research Quick-
DNA Fungal/Bacterial miniprep kit (Zymo Research
Corporation, https://www.zymoresearch.com) ac-
cording to the manufacturer’s instructions, with some
exceptions. For example, we extracted DNA from
yeast colonies directly instead of from a resuspension
of yeast cells in water; we used 40 uL of elution buffer
instead of the 100 pL recommended volume. We sent
genomic DNA to the NICD Sequencing Core Facility
for WGS. We performed sequencing of the 12.6 Mb-
sized genome on 188 samples. We prepared genomic
libraries using Nextera DNA Library Preparation (Il-
lumina, https:/ /www.illumina.com), followed by 2 x
300 bp sequencing on an Illumina NextSeq 500 plat-
form to produce paired end reads.

2046

Single-Nucleotide Polymorphism Calling

and Phylogenetic Analysis

We assessed the quality of read data using FastQC ver-
sion 0.11.9 (https://www.bioinformatics.babraham.
ac.uk) and performed read filtering and trimming
using PRINSEQ version 0.20.4 (http://prinseq.
sourceforge.net) (20). We mapped the read data to
a reference C. auris genome (clade III, B11221; Na-
tional Center for Biotechnology Information [NCBI]
BioProject accession no. PRINA535510) using the Bur-
rows-Wheeler data transformation algorithm version
0.7.17 (21). We performed variant calling (i.e., single-
nucleotide polymorphism [SNP] analysis) using
SAMtools version 1.11 (21) through the Northern
Arizona SNP Pipeline (NASP) (http://tgennorth.
github.io/NASP/install.html) (22). Filtering param-
eters involved removing positions that had <10x
coverage, <90% variant allele calls and those within
duplicated regions in the reference (14). We esti-
mated a maximum parsimony phylogeny tree us-
ing MEGA software version 10.0.5 (https://www.
megasoftware.net) and bootstrap analysis based on
1,000 replicates using the bestSNP alignment pro-
duced by the NASP pipeline (23). We included ex-
ternal sequences representing each clade (I-V) in
the analysis to confirm the clade assignments of the
isolates: clade I, PEKT02 (B8441, NCBI BioSample
no. SAMNO05379624) and SRR3883445 (B11214, NCBI
BioSample no. SAMNO05379602); clade II, PYFRO1
(B11220, NCBI BioSample no. SAMNO05379608);
clade 1V, PYGMO01 (B11243, NCBI BioSample no.
SAMNO05379619); clade V, SRR9007776 (NCBI BioSa-
mple no. SAMN11570381). Also included in the anal-
ysis was a genome of the first South Africa isolate to
be reported and sequenced from CHBAH in 2009 (9).

Phylodynamic Analysis of Clade Il Neonatal Isolates

We created a root-to-tip regression plot using TempEst
version 1.5.3 (24) to quantify the mutation rate and
to assess the temporal signal of the outbreak strains.
We inferred Bayesian phylogenies using BEAST ver-
sion 1.8.4 (25) by applying a general time-reversible
nucleotide substitution model under a strict mo-
lecular clock with the mutational rate obtained from
the root-to-tip regression. We used the SNP align-
ment of the clade III isolates for both TempEst and
BEAST. We chose a general time-reversible model as
a nonspecific model for phylogenetic inference. The
model assumes different rates of substitution for each
nucleotide and different frequencies of nucleotide oc-
currence (26). Furthermore, we applied a coalescent
exponential population prior distribution and used
specimen collection dates (day, month, year) as tip
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dates. We set the length of the Markov Chain Monte
Carlo (MCMC) at 50,000,000 steps and logged param-
eters every 1,000 steps. We used Tracer version 1.7.1
(https:/ /beast.community/tracer) to visualize and
analyze the posterior MCMC samples. The effective
sample size was >700, indicating that the MCMC runs
had converged. We generated a maximum clade cred-
ibility tree with TreeAnnotator version 1.8.4 (https://
beast.community/ treeannotator) after discarding
the first 10% as burn-in and visualized the tree us-
ing FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/
software/figtree). We also performed an exploratory
analysis to reconstruct potential transmission routes
in the hospital (Appendix, https://wwwnc.cdc.gov/
EID/article/29/10/23-0181-Appl.pdf).

Resistance Mutation Identification

We used CLC Genomics Workbench version 10 (QIA-
GEN, https://www.qiagen.com) to assess and iden-
tify mutations in resistant C. auris isolates. We extract-
ed 2 genes from each resistant C. auris genome and
assessed for any point mutations (i.e., substitutions,
duplications): ERG11, which is transcribed into an
azole target; and FKS1, an echinocandin target gene
(27). We used a wild-type strain with no known mu-
tations as a reference in the analysis to determine the
presence of mutations (C. auris B8441, NCBI accession
no. PEKT00000000). Susceptible isolates were also as-
sessed for mutations in the same genes.

Results

Patient Characteristics

During the surveillance period, 287 culture-con-
firmed cases (invasive and noninvasive) were re-
ported from the hospital from different wards; of
those, 207 (72%) had viable isolates available for
analysis. Most of the cases were from the neonatal
unit (91/287, 32%), pediatric burn unit (66/287, 23%),
and adult burn unit (57/287, 20%). The median age
was 1.4 years (interquartile range [IQR] 22 days to
21 years; range 0 days to 85 years). Adults accounted
for the highest proportion of cases (74/287, 26%) fol-
lowed by neonates (62/287, 22%). More patients were
male (54%, 155/287) than female (42%, 121/287; sex
was unknown for 4% (11/287). Most isolates were
from blood cultures (161/287, 56%), followed by skin
swabs (33/287,12%) (Table 1).

Antifungal Susceptibility of Isolates

Most (199/207; 96%) of the isolates were resistant
to fluconazole (MIC >32 pg/mL); 13 (6%) were con-
sidered resistant to amphotericin B (MIC >2 pg/
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Table 1. Characteristics of 287 patients with Candida auris
infection or colonization admitted to a large academic hospital in
South Africa, 2016—2020

Characteristic No. (%) isolates
Sex
M 155 (54)
F 121 (42.2)
Unknown 11 (3.8)
Age group
Neonates, <28 d 62 (21.6)
Infants, 28 d—12 mo 56 (19.5)
Children, 1-12 y 54 (18.8)
Adolescents, 13-17 y 11 (3.8)
Adults, >18 y 74 (25.8)
Unknown 30 (10.5)
Specimen type
Blood 161 (56.1)
Skin swab 33 (11.5)
Arterial catheter tip 28 (9.8)
Central venous catheter tip 24 (8.4)
Urine 11 (3.8)
Tracheal aspirate 8 (2.8)
Tissue, not specified 6 (2.1)
Fluid aspirate, not specified 3(1)
Skin scraping 1(0.3)
Burn/wound swab 1(0.3)
Unknown 11 (3.5)
Ward location
Neonatal unit 91 (31.7)
Pediatric burn unit 66 (23)
Adult burn unit 57 (19.9)
General adult/pediatric intensive care unit 30 (10.5)
Adult surgical 12 (4.2)
Adult medical 11 (3.8)
Pediatric medical 9(3.1)
Pediatric surgical 7 (2.4)
Unknown 4 (1.4)

mL). Multidrug-resistant isolates were also present;
2 (0.9%) isolates were resistant to both caspofungin
and fluconazole and 3 (1.4%) were resistant to both
fluconazole and amphotericin B. No isolates in this
study were resistant to >3 antifungal classes (panre-
sistant) (Table 2).

Phylogenetic and Resistant Mutation Analysis

Of 207 viable C. auris isolates, 200 were available for
WGS. We excluded 12 sequences of poor quality from
the analysis; WGS data of 188 isolates were available
for bioinformatics analysis. Overall, 118 (63%) clus-
tered with the Africa clade III reference and the re-
maining 70 (37%) with the South America clade IV
reference (Figure 2). Isolates in this study did not
cluster in any other clade. A total of 181 (96%) isolates
had a fluconazole MIC value >32 png/mL, and 186
(99%) had known resistance mutations in the ERG11
gene; thus, 5 sequences from phenotypically suscep-
tible isolates also housed resistance mutations (Table
3). Isolates for clade III had the VF125AL substitution
that is specific to the clade. Isolates from clade IV had
the substitutions K177R/N3355/E343D, which had
been documented in this clade previously (28). Some
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Table 2. MIC distribution of Candida auris isolates (n = 207) from patients admitted to a tertiary academic hospital, South Africa, 2016—2020*

No. isolates with MIC, ug/mL

Breakpoint, 0.0 0.01 0.0 %
Drug ug/mL 08 5 3 0.06 0.12 025 05 1 2 4 8 16 32 64 128 256 Unkt Resistant
AFG 24 1 28 129 42 7 0
MFG 24 2 96 94 12 1 2 0
5FC =128 3 67 125 10 2 0
POS NA 1 1 15 73 80 31 4 2 NA
VRC NA 2 8 21 58 103 13 2 NA
ITC NA 2 10 84 84 25 2 NA
FLC 232 1 7 13 34 73 79 96
AMB 22 1 9 135 61 1 42
AMB 22 1 1 2 9 22 76 79 11 2 4 6.2
Etestt

*AMB, amphotericin B; AFG, anidulafungin; FLC, fluconazole; ITC, itraconazole; MFG, micafungin; NA, not available; POS, posaconazole; unk, unknown;

VRC, voriconazole; 5FC, flucytosine.
tlsolates missing data or not tested

FMICs were determined using both broth microdilution and E-test method for amphotericin B.

isolates with the clade IV substitutions (27/70, 38%)
had an additional E102K substitution.

The neonatal unit, the location of the outbreak
starting in June 2019, was dominated by clade III iso-
lates, whereas clade IV strains dominated the adult
and pediatric burn units. We observed clade mixing
in both burn units (Figure 3). Isolates from the neona-
tal unit constituted 37% (68/188) of the isolates in our
phylogenetic tree.

Phylodynamic Analysis

We included only isolates from clade III, which was the
clade responsible for the neonatal unit outbreak, in the
following analysis. We created a root-to-tip regression
plot to determine whether there was a positive correla-
tion between the time the isolates were sampled and the
number of substitutions along the tree topology. Linear
regression estimates of the evolutionary rate equated to
1.3471 x 10° nt substitutions/site/year (correlation co-
efficient = 0.5). The rate was similar to that of an out-
break in Kenya caused by clade III isolates in which the
calculated mutation of the outbreak strains was 1.8695
e—5 substitutions/site/year (29). The rate supported a
strong temporal signal and was sufficient for further
Bayesian molecular dating. The root-to-tip regression
plot predicted the time to the most recent common an-
cestor (tMRCA) in 2018 based on the x intercept (Figure
4). The tMRCA for clade III in this hospital dated back
to early 2014 (95% highest posterior density 2013 to mid-
2015), whereas the tMRCA for the neonatal unit out-
break dated to 2018 (95% highest posterior density, mid-
2017 to mid-2018), corresponding to the estimation from
the root-to-tip regression analysis (Figure 5, https://
wwwnc.cdc.gov/EID/article/29/10/23-0181-F5.htm).
The exploratory analysis of the outbreak reconstruction
of clade Ill revealed that infections were introduced into
the neonatal unit from the adult burn unit, adult medi-
cal department, and an unknown ward (Appendix).
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Discussion

Fluconazole-resistant clade III C. auris isolates caused
a large persistent outbreak in the neonatal unit of a
tertiary academic South Africa hospital beginning in
June 2019 and continuing into 2023. WGS analysis of
all viable surveillance isolates from this hospital dur-
ing 2016-2020 revealed that clade IV C. auris isolates
dominated in the adult and pediatric burn units with
clade IIT and IV co-circulation. Phylodynamic analy-
sis of the clade III neonatal outbreak isolates did not
point to a specific source.

By 2016, C. auris was reported in >100 South Africa
acute-care hospitals and had caused large outbreaks
in some of these hospitals. C. auris had replaced other
pathogens to become the third most common cause of
candidemia in South Africa (7). Over our entire study
period (i.e., March 2016-July 2020), the neonatal unit
outbreak contributed to one third of all the cases at
the hospital. Smaller C. auris outbreaks involving ne-
onates have been reported previously in other hospi-
tals in South Africa (7,30). Neonatal units in national
central hospitals, such as CHBAH, have become fun-
gal outbreak epicenters, driven by the innate vulner-
ability of very high-risk patients admitted to these
units, occupancy routinely exceeding the approved
bed capacity of the unit, and limited resources avail-
able for infection prevention and control or antimi-
crobial stewardship (31). Although the exact manner
of C. auris introduction for this outbreak remains un-
determined, temporal analysis of the outbreak strains
placed tMRCA in early 2018, suggesting a relatively
recent introduction (10,32). Continued surveillance
until June 2022 has confirmed persistence of C. auris
in the unit with sporadic cases of invasive infections.

Most isolates in our study belonged to Africa
clade III (118/188, 63%) or the South America clade
IV (70/188, 37%). The overall molecular epidemiol-
ogy of C. auris in South Africa was determined in a
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Figure 2. Phylogenetic tree depicting clade distribution and fluconazole resistance mutations of 188 invasive or colonizing South
African Candida auris strains isolated from patients admitted to a large metropolitan hospital in South Africa, 2016—2020. The unrooted
maximum-parsimony tree was created using MEGA software (https://www.megasoftware.net) using 287,338 single-nucleotide
polymorphisms based on 1,000 bootstrap replicates. Scale bar indicates number of pairwise differences. FCZ, fluconazole.

WGS study which reported that 85% of isolates from
2009-2018 belonged to clade 111, 12% belonged to clade
I, and 3% to clade IV (9). An earlier global molecular
epidemiology study reported only clade III isolates (n
= 51) from South Africa (33). However, clade IV con-
tributed to a proportionally larger case load in this hos-
pital. Because the first reported isolate in South Africa
in 2009 belonged to clade IV and was from CHBAH
(9), we hypothesize that a clonal expansion of clade IV

occurred in this hospital and those strains continued to
circulate during our study period. Circulation of mul-
tiple C. auris clades in South Africa may be explained
by global travel and trade (34-36). Furthermore, phy-
logeographic mixing of C. auris clades has been ob-
served more often in recent years. Countries including
Canada (clades I, 1I, and III), Kenya (clades I and III)
and the United States (clades I, II, III, and 1V) also re-
ported cases caused by multiple C. auris clades (10).

Table 3. Clade proportions and frequency of antifungal drug resistance within the study population among 188 Candida auris isolates,

South Africa
No. (%) isolates
Clade All Fluconazole resistant  Point mutation in ERG11 Point mutation in FKS1 Amphotericin B resistant
I 118 (62.5) 117 (99.1) 118 (100) 0 2(2.8)
Y 70 (37.4) 66 (91.4) 70 (100) 0 1(1.42)

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023
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Figure 3. Clade distribution

of 188 South African Candida
auris isolates from patients
admitted to a large metropolitan
hospital classified by the
patients’ ward locations, South
Africa, 2016-2020. ICU,
intensive care unit.

Most isolates in our study were resistant to flu-
conazole. Fluconazole-susceptible isolates of C. auris
are rare worldwide, especially within Africa clade III;
this resistance limits the treatment options (9). Fluco-
nazole-resistant C. auris, as a cause of healthcare-asso-
ciated infections, adds costs to the health system since
fluconazole is the least expensive and most accessible
systemic antifungal agent (8,37). Amphotericin B re-
sistance has been reported among C. auris isolates but
remains rare while echinocandin resistance has also
been reported, especially in clade I isolates (37). Echi-
nocandins are recommended as first-line treatment

Figure 4. Root-to-tip regression analysis of 67 South African
Candida auris outbreak isolates from the neonatal ward of a
large metropolitan hospital in South Africa. Genetic distance is
plotted against sampling time. Every data point represents a tip
on the phylogeny. Black line indicates correlation coefficient for
the regression. Green lines represent the evolutionary rate in
substitutions/site/day.
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for candidemia in adults, although amphotericin B
deoxycholate, with better central nervous system
penetration, is recommended for neonates who may
develop Candida meningoencephalitis (8). We did not
observe isolates resistant to all classes of antifungals
in this study; however, 2 panresistant isolates were
reported in South Africa in a previous study (16).
Most of the fluconazole-resistant isolates in our
study had clade-specific mutations in the ERG11 gene
that are known to contribute to resistance. The clade
III ERG11 mutation (VF125AL) seems to be universal
across resistant isolates within the clade and has been
seen in other clade Il isolates from previous studies,
even those isolated outside Africa (33); T.K. Price et
al., unpub. data, https://doi.org/10.1101/2020.10.26
.20214908). The ERG11 gene-mediated mechanism of
resistance to fluconazole for clade IV isolates varies,
and isolates from different geographic areas have dif-
ferent ERG11 mutations (28). Isolates in our study had
the same substitutions as isolates originating from
Colombia, which contained all 3 Ergl1p substitutions
(K177R, N335S, E343D), whereas azole resistance in
clade I India/Pakistan isolates and some clade IV Co-
lombia isolates was caused by Y132F or K143R substi-
tutions (28). Of interest, the K177R, N335S, and E343D
clade 1V substitutions have not been shown to con-
tribute to increased azole resistance even in Colombi-
an isolates. Instead, other Colombian isolates had the
substitutions 1466M or Y501H that have been shown
to contribute to resistance, which we did not see in
the isolates in our study (28). Some sequences with
the described clade IV substitutions had an addition-
al E102K substitution in our study; this substitution
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has not been documented or proven to contribute
to decreased susceptibility in C. auris strains. There
were cases in our study where susceptible isolates
possessed resistant mutations especially in clade IV.
It appears that clade IV isolates might have a more
complex mechanism of resistance.

A limitation of our study was that we only in-
cluded cultured isolates from laboratory-based sur-
veillance from patients with routinely diagnosed
invasive infections and a few with colonization.
Thus, we sampled only a subset of all infections that
would have occurred at this hospital. An extensive
collection of isolates using systematic sampling in a
prospective study, including invasive, colonizing,
and environmental strains, would be needed to de-
termine the full extent of transmission routes with a
higher resolution and to avoid missing links. In ad-
dition, detailed clinical information and travel and
hospital transfer data were not available for all cas-
es; this information would have enabled us to poten-
tially determine how the pathogen was introduced
into the hospital. Another limitation in our study is
that we did not account for recombination analysis,
which might have introduced bias in the phyloge-
netic analysis.

In summary, we characterized C. auris isolates
circulating in a major metropolitan public hospital in
South Africa. Our data showed that clades Il and IV
co-circulated, and clade III was responsible for a large
outbreak in the neonatal unit. Most isolates were
resistant to fluconazole and carried previously pub-
lished clade-specific ERG11 mutations. We speculate
that the neonatal unit outbreak may have originated
from cross-unit transmission by infected or colonized
patients, colonized healthcare workers, or contami-
nated equipment. Patient environments may have
also served as reservoirs of infection.
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etymologia revisited

Originally published References:

Streptomycin
strep'to-mi'sin

In the late 1930s, Selman Waksman, a soil microbiologist working at
the New Jersey Agricultural Station of Rutgers University, began a
large-scale program to screen soil bacteria for antimicrobial activity. By
1943, Albert Schatz, a PhD student working in Waksman'’s laboratory,
had isolated streptomycin from Streptomyces griseus (from the Greek
strepto- [“twisted”] + mykes [“fungus”] and the Latin griseus, “gray”).

In 1944, Willam H. Feldman and H. Corwin Hinshaw at the Mayo
Clinic showed its efficacy against Mycobacterium tuberculosis. Waksman
was awardeda Nobel Prize in 1952 for his discovery of streptomycin, al-
though much of the credit for the discovery has since been ascribed to
Schatz. Schatz later successfully sued to be legally recognized as a co-
discoverer of streptomycin.

. 1. Comroe JH Jr. Pay dirt: the story of streptomycin. Part I. From Waks-
in March 2019 man to Waksman. Am Rev Respir Dis. 1978;117:773-81.
2. Wainwright M. Streptomycin: discovery and resultant controversy.
Hist Philos Life Sci. 1991;13:97-124.

https://wwwnc.cdc.gov/eid/article/25/3/et-2503_article
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Sporadic Shiga Toxin—Producing
Escherichia coli—Associated
Pediatric Hemolytic Uremic

Syndrome, France, 2012—-2021

Gabrielle Jones, Patricia Mariani-Kurkdjian, Aurélie Cointe,
Stéphane Bonacorsi, Sophie Lefévre, Frangois-Xavier Weill, Yann Le Strat

Shiga toxin—producing Escherichia coli-associated pe-
diatric hemolytic uremic syndrome (STEC-HUS) remains
an important public health risk in France. Cases are
primarily sporadic, and geographic heterogeneity has
been observed in crude incidence rates. We conducted
a retrospective study of 1,255 sporadic pediatric STEC-
HUS cases reported during 2012—2021 to describe spa-
tiotemporal dynamics and geographic patterns of higher
STEC-HUS risk. Annual case notifications ranged from
109 to 163. Most cases (n = 780 [62%]) were in chil-
dren <3 years of age. STEC serogroups 026, 080, and
0157 accounted for 78% (559/717) of cases with sero-
group data. We identified 13 significant space-time clus-
ters and 3 major geographic zones of interest; areas of
southeastern France were included in >5 annual space-
time clusters. The results of this study have numerous
implications for outbreak detection and investigation and
research perspectives to improve knowledge of environ-
mental risk factors associated with geographic dispari-
ties in STEC-HUS in France.

higa toxin-producing Escherichia coli (STEC) bac-

teria are responsible for a spectrum of disease,
ranging from simple to bloody diarrhea, and pose
increased risk for severe complications, including he-
molytic uremic syndrome (HUS) in children <5 years
of age and the elderly (1). Although STEC infections
represent a global burden that is difficult to character-
ize, in part because of differences in diagnostic capac-
ity and disease surveillance systems, an estimated 2.8
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million STEC infections and 3,890 STEC-HUS cases
occur annually worldwide (2). Estimated notification
rates of STEC infection in Europe during 2017-2021
ranged from 1.6 to 2.4 cases/100,000 population (3).

In France, STEC surveillance is conducted
through voluntary clinical and microbiologic surveil-
lance of HUS in children <15 years of age (4). Annual
incidence rates for pediatric STEC-HUS in France re-
main relatively high, and in recent years have been
close to estimated notification rates for all STEC infec-
tions in Europe (5). Since 1996, annual incidence rates
have ranged from 0.6 to 1.5 cases /100,000 population
(73 to 168 cases reported annually), and incidence has
exceeded 4 cases/100,000 population in children <3
years of age (5). The primary serogroups identified
in cases are 026, O80, and O157; an increase of se-
rogroups 026 and O80 in the 2010s coincided with a
decrease in O157 (4).

Ruminants are the primary reservoir, excreting
STEC in their feces, thereby potentially contaminat-
ing food and their environment and posing a risk for
STEC contamination in humans (6,7). Although STEC
pose a substantial outbreak potential, most infections
are sporadic; only 3% of cases reported in France dur-
ing 2007-2016 were outbreak-associated (4). Deter-
mining the source of contamination for sporadic cases
is difficult for numerous reasons, including limited
epidemiologic data, the multiple potential sources of
contamination, and gaps in knowledge about patho-
gen source-pathway interactions (1,4,8).

Annual incidence rates calculated from pediat-
ric STEC-HUS surveillance in France show regional
variations. Space-time cluster detection methods,
which can be applied to epidemiologic surveillance
for outbreak detection, are also of interest for study-
ing sporadic infectious disease cases. Indeed, several
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recent studies illustrate such approaches for describ-
ing spatiotemporal disease patterns and identifying
recurrent geographic clusters representing differenc-
es in baseline disease risk, including STEC infection,
cryptosporidiosis, and salmonellosis (8-12).

The first objective of our study was to describe
temporal trends and geographic distribution of spo-
radic pediatric STEC-HUS cases in France over a
10-year period. The second objective was to identify
space-time clusters and describe geographic patterns
of significantly higher risk for sporadic STEC-HUS
at a fine geographic scale. Such data are crucial for
enabling epidemiologic surveillance, including as-
sessment of clusters requiring epidemiologic inves-
tigations. In addition, robust, statistically significant
data identifying geographic disparities at a fine scale
open perspectives for further research aiming to bet-
ter understand potential environmental, sociodemo-
graphic, and even behavioral factors associated with
observed differences.

Methods

Data Sources and Processing
Cases of suspected STEC-HUS in children <15 years
of age are reported to Santé publique France (France’s
national public health agency) according to previous-
ly described clinical criteria (4). Surveillance data in-
clude demographic information (age, sex, and postal
codes of residence and temporary stay), clinical data
(diarrhea, date of diarrhea onset, and date of HUS
diagnosis), results of stool analysis, and limited epi-
demiologic information (outbreak-related [commu-
nity, childcare, or family setting] and primary at-risk
exposures). In accordance with data protection pro-
cedures defined by France’s oversight authority for
privacy and data protection (Commission Nationale
de I'Informatique et des Libertés), age, postal codes,
dates of diarrhea onset, and HUS diagnosis are con-
served indefinitely for surveillance purposes.
Microbiologic STEC surveillance is voluntary and
coordinated by the National Reference Center (NRC)
for Escherichia coli, Salmonella and Shigella (Institut Pas-
teur, Paris, France) and its associated laboratory (Uni-
versity Hospital Robert Debré, Assistance publique-
Hopitaux de Paris, Paris) (4). Over the entire study
period, NRC conducted PCR testing of stool samples
to detect virulence genes (stx1, stx2, eae, and ehxA) and
O-antigen biosynthesis genes of the 10 most frequent
STEC serogroups identified in France (0157, O26,
0103, 0145, 091, 0121, 0104, O55, 0111, and O80 [in
2013]). NRC performed culture on all stx- or eae-pos-
itive stools. Serogrouping methods evolved over the

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023
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study period (13,14) (Appendix, https:/ /wwwnc.cdc.
gov/EID/article/29/10/23-0382-Appl.pdf).

We identified 1,419 notified pediatric STEC-HUS
cases with symptom onset during January 1, 2012-
December 31, 2021, from surveillance data. For cases
with no diarrhea, we used date of HUS diagnosis.
We defined sporadic cases as those having no docu-
mented epidemiologic link to other confirmed STEC
or STEC-HUS cases. For cases of person-to-person
transmission in a family or childcare setting, the first
case was retained for analysis because the index case
is considered a sporadic case potentially associated
with geographically specific exposures. We excluded
from analysis all foodborne or environmentally as-
sociated outbreak cases and cases in patients with
reported international travel during the entire expo-
sure period. We were able to link cases with whole-
genome sequencing (WGS) data for 2018-2021. We
retained in the analysis cases belonging to a WGS-
linked cluster but with no common source of infec-
tion suspected from epidemiologic investigations.
Also, we excluded cases with no postal code available
because they could not be geocoded. Postal codes
of temporary stay correspond to locations visited in
France in the week before diarrhea onset. Further-
more, we restricted analyses to cases reported from
mainland France. In total, we excluded 164 (12%) of
1,419 reported cases.

We used population data for children <15 years
of age available for the period 2012-2018 from the
National Institute for Statistics and Economic Stud-
ies. For the remaining study period of 2019-2021, we
used the most recent census data available (2018).
Geocoding of cases used postal code of residence or
of temporary stay when available (n = 5).

We obtained all study data from anonymous sur-
veillance data conserved by Santé publique France
according to an ongoing authorization by the Com-
mission Nationale de I'Informatique et des Libertés.
No additional ethics approval was required.

Temporal and Spatial Analyses

We described temporal and spatial distributions for
all cases and by subgroups for 2 variables of epide-
miologic importance, age of patient and STEC se-
rogroup. We defined 6 age groups on the basis of
observed distribution in STEC-HUS incidence from
surveillance data: <1 year, 1 year, 2 years, 3-4 years,
5-9 years, 10-14 years. Those groups were also sta-
tistically pertinent for calculation of standardized in-
cidence rates. We conducted serogroup-specific sub-
group analyses for the 3 most frequently identified
serogroups in pediatric STEC-HUS cases in France,
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026, 080, and 0157 (top-3 serogroups). For other se-
rogroups, the number of isolates was insufficient for
subgroup analysis (mean <5 isolates/year). We classi-
fied cases into 4 groups (Appendix): top-3 serogroups,
other serogroup, no serogrouping, and ungroupable.
We retained for overall analysis children with HUS
but no microbiologic confirmation of STEC infection
on the basis of clinical criteria (diarrhea before HUS)
and the fact that in young children, HUS is largely as-
sociated with STEC infection (4).

We described temporal trends and spatial distri-
bution by using age-standardized incidence rates cal-
culated by the direct method. We represented spatial
distribution at the administrative department level (n
=95). By using a moving average method, we decom-
posed monthly incidence rates into trend, season, and
residual components through the decompose func-
tion with an additive model using R version 4.2 (The
R Foundation for Statistical Computing, https://
WWwWWw.r-project.org).

Space-time Scan Statistics

We conducted a retrospective analysis for space-time
cluster detection using SaTScan version 9.7 (https://
www.satscan.org), including all cases and for each of
the top-3 serogroups. We geocoded all cases to the
établissement public de cooperation intercommunale
(EPCI), a geographic unit that groups municipalities
on the basis of administrative criteria (1,233 EPCI are
in mainland France). The scan statistic tests whether
cases are randomly distributed over space and time
and identifies clusters for which a significant differ-
ence exists in the number of observed cases compared
with expected cases (15,16). For each cluster, the main
outputs were geographic information (coordinates of
the center of the circle and radius); cluster time inter-
val by date, population size, and number of observed
and expected cases; relative risk; and p value. We
considered clusters significant at p<0.05.

We used a discrete Poisson model because of
high spatial resolution of the geographic unit of anal-
ysis and the rare occurrence of STEC-HUS cases (<1
case for most ECPIs). We included age as a covariable
for all analyses. We chose different tuning parameters
to assess their effect on results. On the basis of the
sensitivity analysis, we restricted the maximum ra-
dius of the circular scan window to 100 km and maxi-
mum geographic cluster size to 10% of the population
at risk. We set the time precision unit to days with
a maximum cluster duration of 90 days to account
for observed seasonality of STEC-HUS (8,11). We re-
tained a minimum number of cases (cluster restric-
tion) of 2. We performed space-time scans over the
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10-year study period and annually. On the basis of
the results of annual space-time scans, we calculated
the cluster recurrence index developed by Boudou et
al. to identify geographic areas where significant clus-
ters occurred at least once during the study period
(10). We conducted all statistical analyses by using R
version 4.2 and SaTScan version 9.7 (17).

Results

Number of Cases over Time

A total of 1,255 sporadic pediatric STEC-HUS cases
were reported during January 2012-December 2021;
the annual number of cases ranged from 109 (in 2014
and in 2015) to 163 (in 2017) (Figure 1). Cases were
distributed in 542 (44 %) of 1,233 EPCIs. A sample was
sent to NRC for 1,132 (90%) cases, and 717 (63%) of
those had a STEC serogroup identified (Appendix
Table 1, Figure 1). The top-3 serogroups accounted for
78% (559/717) of cases with serogroup data: 026, 228
cases (41%); O80, 149 cases (27%); and O157, 182 cases
(33%). Approximately 23% (255/1,132) of cases were
ungroupable. The 283 (23%) cases with no serogroup-
ing consisted of 123 with no sample sent to NRC (24
[20%] with reported PCR detection of stx at the notify-
ing hospital) and 160 that were negative at NRC (PCR
stx or serologic tests). For the 259 cases with no stx
detection or negative serologic tests, 95% (247) were
in patients who had diarrhea before HUS.

We observed no overall trend in the annual num-
ber of sporadic cases notified or in age-standardized
annual incidence rates during 2012-2021. However,
for STEC 026 and O80, we observed a significant in-
creasing trend, in parallel to a significant decreasing
trend for O157 (Figures 1, 2).

The proportions of female and male case-patients
were comparable over the entire study period (Fig-
ure 3). Most cases (780/1,255 [62%]) were in patients
<3 years of age. Incidence rate varied by age group;
the highest incidence was in children 1-2 years of age
(4.9 cases/100,000 population) (Figure 3). Incidence
rate by age varied slightly by serogroup; the highest
incidence was in younger age groups (1-2 years) for
STEC 080 (0.9 cases/100,000 population) and STEC
026 (1 case/100,000 population), compared with in-
cidence in that age group for STEC O157 (0.2 cases/
100,000 population).

Temporal and Spatial Distribution of Incidence Rates

Seasonal decomposition of all sporadic STEC-HUS
cases confirmed seasonality with a distinct annual
peak (Appendix Figure 2). Annual peaks also were
observed for the top-3 serogroups but with associated

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023



STEC-Associated Hemolytic Uremic Syndrome, France

Figure 1. Annual reported
number of sporadic Shiga
toxin—producing Escherichia coli—
associated pediatric hemolytic
uremic syndrome cases, France,
2012-2021. A) All cases; B) cases
of infection with serogroups 026,
080, and 0157.

secondary and tertiary peaks between the primary
seasonal peaks.

Seasonality was observed in monthly age-stan-
dardized incidence rates for each year of the study
period. The highest incidence occurred in summer
and early fall (July-October) (Figure 4). No clear spa-
tial trends in annual age-standardized incidence rates
were evident during the study period. The depart-
ments with the highest incidence rates varied from 1
year to the next (Figure 5).

We described spatial distribution for the top-3 se-
rogroups over 2 periods (2012-2016 and 2017-2021) to
account for a smaller number of cases. For STEC O26,
we observed a geographic extension of cases when
comparing the 2012-2016 period to the 2017-2021
period (Figure 6). We observed a similar evolution
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for STEC O80. For STEC 026 and STEC O80, depart-
ments in the eastern half of France had slightly higher
incidence rates. For STEC O157, the highest incidence
rates were primarily in departments in northwest
France, regardless of the period.

Space-Time Scanning

Space-time scanning of all cases over the entire 10-
year period identified 2 significant clusters occurring
in 2019 and 2013, primarily in 2 regions in eastern
France (Table 1; Figure 7). Scanning over the 10-year
period by serogroup identified 2 significant clusters:
STEC 026 (2019, southeast France) and STEC O80
(2017, northeast France) (Appendix Table 2, Figure
3). WGS data available for the isolates within the
2019 O26 space-time cluster identified 3 WGS-linked

Figure 2. Age-standardized
annual incidence rates of reported
sporadic Shiga toxin—producing
Escherichia coli—associated
pediatric hemolytic uremic
syndrome cases, for all cases and
cases of infection with serogroups
026, 080, and 0157, France,
2012-2021.
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Figure 3. Number of reported sporadic Shiga toxin—producing
Escherichia coli-associated pediatric hemolytic uremic syndrome
cases, by age group and sex, and incidence rate, by age group
(black dots), France, 2012—2021. Data were missing on sex for 3
cases (1 case each in patients <1 year, 3 years, and 4 years of age).

clusters of 2 isolates each (EnteroBase [https://
enterobase.readthedocs.io] c¢gMLST scheme, HC5
level) (14). Short-read sequences are available in En-
teroBase (identification nos. 201904732, 201904733,
201905626, 201905634, 201907203, and 201908310)
and in the European Nucleotide Archive (study no.
PRJEB50273). For each pair of WGS-linked isolates,
epidemiologic investigations did not identify a sus-
pected common source of infection.

Annual space-time scanning identified 13 sig-
nificant space-time clusters (Table 2; Figure 8). We
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identified >1 significant cluster for each year, with the
exception of 2014 and 2017, and detected a maximum
of 3 significant clusters in 2018. Median cluster size
was 10 cases (range 2-20 cases). Clusters occurred ex-
clusively in the period of June-November, and most
clusters corresponded to the seasonal peak observed
in STEC-HUS notifications during July-October. An-
nual scanning by serogroup did not identify any sig-
nificant space-time clusters.

The cluster recurrence index ranged from zero
to 7 and identified an area of particularly high recur-
rence in southeast France; certain EPCIs were includ-
ed in >5 clusters during the study period (Figure 9).
Two additional major geographic zones were identi-
fied as hotspots, although to a lesser degree, in the
northwest and northeast.

Discussion

During 2012-2021, a mean of 125 cases of sporadic
pediatric STEC-HUS were reported in France an-
nually. Incidence was highest in children <3 years
of age, and particularly in children 1-2 years of age
(an incidence 1.7 times greater than that observed in
children <1 year of age and 2 times greater than that
observed in children 2-3 years of age). Analysis of
temporal trends by serogroup showed the increase
of HUS-associated STEC 026 and STEC O80 in par-
allel to the decrease in STEC O157. Similar trends
have been observed in other countries of Europe
(3,18). Department-level age-standardized incidence
rates showed geographic heterogeneity and no clear
patterns when considering all STEC-HUS cases. Sub-
group analysis showed the geographic extension of
STEC O26 and STEC 80.

Figure 4. Monthly age-
standardized incidence rates of
reported sporadic Shiga toxin—
producing Escherichia coli—
associated pediatric hemolytic
uremic syndrome cases, France,
2012-2021.
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Figure 5. Geographic
distribution of age-standardized
incidence rates of all reported
sporadic Shiga toxin—producing
Escherichia coli—associated
pediatric hemolytic uremic
syndrome cases, France, 2012—
2021.A) 2012; B) 2013; C) 2014;
D) 2015; E) 2016; F) 2017; G)
2018; H) 2019; 1) 2020; J) 2021.

Annual space-time scanning identified 13 sig-
nificant clusters occurring over a 10-year period and
confirmed geographic disparities in cases. Significant
clusters occurred almost exclusively during the sea-
sonal peak of STEC-HUS observed during July-Oc-
tober. Application of the cluster recurrence index
identified several geographic zones of interest, in par-
ticular southeast France, with certain EPCls included
in >5 recurrent space-time clusters. This zone is in
the second most densely populated region in France
and includes a major city, Lyon, but also rural areas
and high cattle density (19). To a lesser extent, we
identified notable space-time clusters in regions in
northwest and northeast France (1-2 clusters during
the study period). In contrast to the southeast, those
regions are less populated and have smaller popula-
tion centers. As in southeast France, cattle density is
higher than elsewhere in France (19).

One limitation of our analysis is that we hypoth-
esized that sensitivity of reporting was constant
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over space and time for the 10-year study period.
Previous studies estimated sensitivity of reporting
at 66% during 2002-2003 and 85% during 2016-2017
(20; Santé publique France, unpub. data). Varia-
tions may have occurred in the sensitivity of re-
porting over time or between regions. In particular,
the occurrence of outbreaks might improve report-
ing because of greater awareness among clinicians
after outbreak events. Of note, several foodborne
STEC-HUS outbreaks with wide media coverage
occurred during 2018-2019 (21-23). However, sev-
eral aspects of the surveillance system limit poten-
tial bias. In particular, the surveillance system has
been in place since 1996 and has a stable network
of specialized hospital units, enabling Santé pub-
lique France to be in regular contact with clinicians
and maintain a high level of awareness for report-
ing of cases. In addition, an annual reminder is sent
to all participating hospital units asking them to
notify any cases missed during the previous year.
Figure 6. Geographic
distribution of age-standardized
incidence rates of reported
sporadic Shiga toxin—producing
Escherichia coli-associated
pediatric hemolytic uremic
syndrome cases caused by
serogroups 026, 080, and
0157, France, 2012-2021.
A-C) Serogroups 026 (A),
080 (B), and 0157 (C) during
2012—-2016. D—F) Serogroups
026 (D), 080 (E), and 0157
(F) during 2017-2021.
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Table 1. Characteristics of significant clusters detected by space—time scanning of all reported sporadic Shiga toxin—producing
Escherichia coli—associated pediatric hemolytic uremic syndrome cases, France, 2012—2021

Cluster ID Start date End date Radius, km  Population Observed no. Expected no. Relative risk  p value
2019 cluster A 2019 Jun 2019 Jun 96 1,073,339 20 2.8 7.2 0.00159
2013 cluster B 2013 Aug 2013 Oct 73 217,195 9 0.43 21.1 0.024

*ID, identification

Therefore, our retrospective analysis is less likely
to be affected by heterogeneous reporting.

Moreover, space-time analysis relied on EPCls
under the hypothesis that the at-risk STEC exposure
occurred in the place of residence or in another re-
ported place of exposure in France. However, case-
patients may have more limited geographic move-
ments corresponding to at-risk exposures that are
not documented in surveillance data. In this case, the
documented EPCI would not correspond to the actual
geographic area of at-risk exposure, but because EP-
ClIs corresponds to grouped municipalities, this factor
should limit the potential bias.

Furthermore, microbiologic data was limited for
some cases, and microbiologic surveillance evolved
over the 10-year study period. Including cases based
solely on clinical criteria may have resulted in non-
STEC-related HUS. However, almost all case-pa-
tients had diarrhea before HUS, and detection of stx
genes may be hindered by several factors, including
antibiotic treatment and the delay between diarrhea
onset and sampling. Because postdiarrheal HUS in
young children is largely attributable to STEC infec-
tion, we considered the limited risk for including
non-STEC-associated cases (4). In addition, the pow-
er of the serogroup analysis is probably reduced by

Figure 7. Significant clusters detected by space—time scanning
of all reported sporadic Shiga toxin—producing Escherichia coli—
associated pediatric hemolytic uremic syndrome cases, France,
2012-2021.
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the fact that not all reported cases had a stool sample
sent to NRC for analysis or that no serogroup was
identified for some cases. Introducing routine WGS
data into epidemiologic surveillance in 2017 has im-
proved characterization of isolates and detection of
related strains and of potential outbreaks (e.g., those
with diffuse or fewer cases) (24-26). As a result, the
capacity to detect outbreak cases from pediatric
STEC-HUS surveillance in France evolved, and dur-
ing 2012-2016, cases belonging to smaller outbreaks
possibly were not detected and would be misclassi-
fied as sporadic cases in our study. A possible result
of such misclassification could be a greater number
of space-time clusters identified during this period
compared with 2017-2021. However, this difference
did not occur; the number of space-time clusters per
year is comparable between the periods before and
after introduction of WGS. Also, although WGS re-
sults can suggest potential links between isolates,
Besser et al. discussed the importance of epidemio-
logic investigations in the assessment of WGS-linked
isolates (24), and the existence of a common source
cannot be assumed. We therefore excluded WGS-
linked isolates only if epidemiologic investigation
suspected a common source of infection.

Space-time cluster detection is sensitive to the
selection of parameters in SaTScan. Chen et al. dis-
cussed the challenges and potential effect of those
parameter choices (27), and published studies offer
limited guidance for parameter choice, in particular
given differences in characteristics of diseases and
study populations. To limit the influence of param-
eter choice on results, we conducted a sensitivity
analysis, and our selected parameters produced ro-
bust results even when individual parameters, such
as maximum population at risk, varied. We consid-
ered a maximum radius of 100 km for the scanning
window as relevant for this study because the un-
derlying hypothesis is that higher relative risk for
sporadic STEC-HUS in certain geographic areas may
be caused by unidentified environmental factors.
Therefore, identifying clusters with unlimited radii
is not epidemiologically relevant.

Our study adds to an existing body of research
demonstrating the effect of applying scan statistics
to describe spatiotemporal dynamics of sporadic
disease, even for more rare occurrences. Our results
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Table 2. Characteristics of significant clusters detected each year by space—time scanning of all reported sporadic Shiga toxin—
producing Escherichia coli—associated pediatric hemolytic uremic syndrome cases, France, 2012—2021

Cluster ID Start date End date Radius, km Population Observed no. Expected no. Relative risk  p value
20121 2012 Aug 2012 Oct 98 343,365 10 0.79 13.7 0.024
2012 2 2012 Jul 2012 Aug 38 111,646 6 0.15 1.7 0.024
20131 2013 Aug 2013 Oct 73 223,770 9 0.47 20.18 0.00748
20132 2013 Nov 2013 Nov 0 1,278 2 0.0002 10013.3 0.031
20151 2015 Aug 2015 Oct 98 1,090,917 18 2 10.56 0.0000253
2016 1 2016 Jun 2016 Sep 99 1,001,768 17 2.39 8.16 0.00215
20181 2018 Jun 2018 Sep 94 253,429 10 0.58 18.61 0.00196
2018 2 2018 Sep 2018 Sep 25 37,752 3 0.0058 527.19 0.031
2018 3 2018 Jul 2018 Sep 99 926,727 11 1.15 10.45 0.044
20191 2019 Jun 2019 Sep 96 1,082,597 20 2.94 7.88 0.000202
20201 2020 Jun 2020 Aug 86 333,046 10 0.75 14.3 0.017
2020 2 2020 Aug 2020 Aug 79 858,465 8 0.38 22.26 0.017
20211 2021 Jul 2021 Aug 99 999,909 10 0.66 16.46 0.00501

*|D, identification.

provide important insight into the epidemiologic con-
text and have implications for outbreak detection and
investigation and for research perspectives to improve
knowledge of risk factors associated with geographic
disparities in disease. The identification of several
geographic areas with recurring clusters of sporadic
STEC-HUS confirms statistically, and at a much finer
geographic scale, previous observations of disparities

in regional incidence of pediatric STEC-HUS in France
(4,19). Taking into account geographic differences is
relevant to analysis of surveillance data for outbreak
detection purposes, in particular for evaluating epide-
miologic signals and the decision to initiate investiga-
tions. The different geographic relative risks identified
in this study will be integrated into SaTScan as part
of ongoing research into its application for outbreak

Figure 8. Significant clusters
detected by annual space—

time scanning of all reported
sporadic Shiga toxin—producing
Escherichia coli-associated
pediatric hemolytic uremic
syndrome cases, France, 2012—
2021.A) 2012; B) 2013; C) 2015;
D) 2016; E) 2018; F) 2019; G)
2020; H) 2021; 1) 2012-2021.
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Figure 9. Cluster recurrence
index of all reported sporadic
Shiga toxin—producing
Escherichia coli-associated
pediatric hemolytic uremic
syndrome cases, France,
2012-2021.

detection in France (28). Compared with WGS, statis-
tical space-time cluster detection provides a reactive
approach that can be applied to case notification data
before WGS data are available (e.g., delays of 3 weeks
in France) or in absence of strain isolation.

Our study also provides the necessary data and
justification for further research on geographic factors
associated with a higher baseline risk for STEC-HUS in
France. Ecologic studies conducted in several countries
using STEC surveillance data have identified signifi-
cant associations with ruminant density, rural classi-
fication, and water sources, in particular private well
usage (9,29-32). The findings of a study in France by
Haus-Cheymol et al. suggested an association between
pediatric STEC-HUS incidence and dairy cattle and
calf density. The described geographic distribution
of higher dairy cattle density in that study overlaps
in part with the higher-risk geographic zones identi-
fied in our study in northwest and eastern France (19).
However, the study merits an update because it is
from the early 2000s, is limited to a more macroscopic
geographic level, and covers a period before several
observed evolutions in STEC epidemiology in France.

Our analysis also identified significant, recur-
ring, space-time clusters consisting of cases with dif-
ferent serogroups. This finding suggests conditions
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favorable for STEC transmission that may contribute
to higher risk for STEC-HUS, including geographic
differences that could influence STEC risk because
of different patterns of food and environmental ex-
posures through a range of transmission pathways.
We plan to use our results in further studies aimed
at exploring the association with environmental pa-
rameters potentially underlying STEC-HUS risk in
France. Conducting such a study at a finer geograph-
ic scale would aim to provide improved insight for
public health professionals to target and adapt public
health interventions, including communication with
the general population, aimed at STEC prevention.
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Stability of Monkeypox Virus in
Body Fluids and Wastewater

Claude Kwe Yinda,! Dylan H. Morris,* Robert J. Fischer, Shane Gallogly,
Zachary A. Weishampel, Julia R. Port, Trenton Bushmaker, Jonathan E. Schulz,
Kyle Bibby, Neeltje van Doremalen, James O. Lloyd-Smith, Vincent J. Munster

An outbreak of human mpox infection in nonendemic
countries appears to have been driven largely by trans-
mission through body fluids or skin-to-skin contact during
sexual activity. We evaluated the stability of monkeypox
virus (MPXV) in different environments and specific body
fluids and tested the effectiveness of decontamination
methodologies. MPXV decayed faster at higher tempera-
tures, and rates varied considerably depending on the
medium in which virus was suspended, both in solution
and on surfaces. More proteinaceous fluids supported
greater persistence. Chlorination was an effective decon-
tamination technique, but only at higher concentrations.
Wastewater was more difficult to decontaminate than
plain deionized water; testing for infectious MPXV could
be a helpful addition to PCR-based wastewater surveil-
lance when high levels of viral DNA are detected. Our
findings suggest that, because virus stability is sufficient
to support environmental MPXV transmission in health-
care settings, exposure and dose-response will be limit-
ing factors for those transmission routes.

Human mpox is an infectious zoonotic disease
caused by monkeypox virus (MPXV) that was
first discovered in 1958 in nonhuman primates in a lab-
oratory setting (1). Even though exact animal reservoirs
are unknown, small mammals are thought to maintain
MPXV in West and Central Africa (2,3), where the virus
is endemic (4) and periodic spillover into humans and
limited onward transmission occur (5). Historically,
MPXV cases have been identified sporadically outside
of endemic regions, mostly related to travel, nosocomi-
al contact, or contact with imported rodents (6).
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There are 2 known clades of MPXV: clades I (for-
merly Congo Basin clade) and II (formerly West Africa
clade) (7). In May 2022, the largest known human out-
break of mpox began; this multinational outbreak is
caused by clade IIb MPXV. On July 23, 2022, the World
Health Organization declared the human mpox out-
break a Public Health Emergency of International Con-
cern (8). Since then, >87,000 laboratory-confirmed cases
have been reported, most outside of endemic regions.

Human-to-human transmission of MPXV is
likely to occur through direct contact or, potentially,
fomites such as clothes, utensils, and bedding (7). Dur-
ing the ongoing outbreak, most cases have involved
men who have sex with men (MSM). Sexual activity
has been shown to be a likely route of transmission
through skin-to-skin contact or sharing of body fluids.
MPXYV has been detected in a wide variety of samples
including blood, saliva, urine, feces, semen, and skin,
as well as rectal and oropharyngeal swab specimens
(9,10). Environmental sampling detected low amounts
of viable MPXV on household surfaces, even 15 days
after initial discovery (11). In addition, MPXV genetic
material has been detected in wastewater streams (12),
prompting concern about risk of infection for waste-
water workers or possible reverse spillover into popu-
lations (13). We evaluated stability in body fluids on
surfaces and in wastewater of MPXV isolate hMPXV /
USA/MA001/2022 (MAOO1), isolated in May 2022
from a human case-patient in Massachusetts, USA, and
assessed the effectiveness of decontamination methods
using chlorination.

Methods

We performed all experiments using 4.8 x 10° plaque
forming units (PFU)/mL clade II MPXV MAQ001
under maximum containment conditions at Rocky
Mountain Laboratories (Hamilton, MT, USA). We
propagated the virus in VeroE6 cells in Dulbecco

These authors contributed equally to this study.
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modified Eagle medium (DMEM; Sigma-Aldrich,
https:/ /www.sigmaaldrich.com) supplemented with
10% fetal bovine serum, 1 mmol L-glutamine, 50
U/mL penicillin, and 50 pg/mL streptomycin (10%
DMEM). We completed all experiments in triplicate
at room temperature (21°C-23°C) unless otherwise
indicated. We quantified MPXV using a plaque assay;
limit of detection for all replicates was 2 PFU/mL. All
experimental measurements are reported as medians
across 3 replicates. We acquired human body fluids
commercially from Lee BioSolutions Inc. (now Me-
dix Biochemica USA Inc., https://www .leebio.com).
Wastewater samples were collected from a munici-
pal wastewater treatment plant in northern Indiana,
USA, then shipped frozen overnight to Rocky Moun-
tain Laboratories, where they were stored at -80°C
until used as described elsewhere (14).

Stability of MPXV on Surfaces under Different
Environmental Conditions

We evaluated the surface stability of MPXV MA001 on
15 mm polypropylene, AISI 316L alloy stainless steel
disks, and cotton in conditions representing temper-
ate fall (4°C/40% relative humidity [RH]), controlled
room (21°C-23°C/40% RH), and tropical (28°C/65%
RH) environments. We produced controlled environ-
mental conditions in environmental chambers (MMM
Group, https://www.mmm-medcenter.com) with
protection from UV-B and UV-C exposure. After each
environmental condition was established and main-
tained, we deposited 50 pL (7-10 drops) of MPXV
stock containing 10° PFU on the surface of a disk.
At time of deposition (day 0) and 7 additional pre-
defined timepoints (1, 3, 5, 7, 10, 15, and 20 days after
deposition), we recovered deposited virus by rinsing
with 1 mL of DMEM supplemented with 2% fetal bo-
vine serum, 1 mmol L-glutamine, 50 U/ mL penicillin,
and 50 pg/mL streptomycin (2% DMEM) and froze
the samples at -80°C until time of titration.

MPXV Stability in Human Body Fluids

We measured stability of MPXV on surfaces by pi-
petting 50 pL of each body fluid containing 10° PFU
of MPXV on surface plastic or in solution containing
2.0 x 10° PFU/mL (10° PFU/50 pL) stored in a screw-
top vial at 21°C/40% RH. To determine the stability
of MPXV in body fluids we spiked blood, semen,
serum, saliva, urine, and feces with MPXV MAOQO1.
To determine the stability of the virus in body fluids
deposited on surfaces and allowed to dry naturally,
we aliquoted 50 pL of each fluid containing 10° PFU
of MPXV onto a polypropylene disk and left them at
21°-23°C/40% RH. We recovered samples for each
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fluid at time of deposit and 1-, 3-, 5-, 7-, 10-, 15-, and
20-day timepoints by rinsing with 1 mL of 2% DMEM
and froze the samples at —80°C until titrated. To de-
termine the virus stability in solution, we initially
prepared fluid containing 2.0 x 10° PFU/mL (10°
PFU/50 pL). We stored solution samples (5 mL each)
in screw-top vials at room temperature between sam-
pling times. At time of deposition and 1-, 3-, 5-, 7-, 10-,
15-, and 20-day timepoints, we pipetted 50 uL of each
fluid-virus mix into 1 mL of 2% DMEM and froze the
samples at -80°C until time of titration.

MPXYV Stability in Wastewater and Deionized Water

To assess the stability of MPXV in wastewater and
deionized water, we diluted 50 pL of stock virus in 5
mL of wastewater (irradiated with 5 millirads to in-
activate possible contaminants, 1:100) and deionized
water (1:100 dilution) in triplicate. At time of deposi-
tion and 1-, 3-, 5-, 7-, 10-, 15-, and 20-day timepoints,
we placed 100 pL of virus-spiked sample in 900 pL of
DMEM supplemented with 2% DMEM and froze the
samples at —80°C until time of titration. Physiochemi-
cal parameters of the wastewater have been reported
elsewhere (14)

Wastewater Disinfection

To test the efficacy of free chlorine for disinfecting
MPXV in wastewater, we diluted stock virus 100
times in wastewater and added 1.098 mL to each well
in the top row of a deep-well 96-well plate. We took
a sample from the solution before adding chlorine to
obtain the initial virus concentration in the sample.
For each concentration we added Acros Organics
sodium hypochlorite (ThermoFisher, https://www.
thermofisher.com) to 3 wells each to obtain initial
doses of 0, 1, 5, or 10 parts per million (ppm). At ini-
tiation and 1-, 5-, 10-, 30-, and 60-minute timepoints,
we added 100 pL samples of the wastewater solution
to 100 pL of 0, 1, 5, and 10 ppm sodium thiosulfate
solution to quench remaining free chlorine. We titrat-
ed the resulting solution and transferred it in total to
800 pL of DMEM supplemented with 2% DMEM. We
froze samples at -80°C until time of titration.

Virus Quantification Using Endpoint Titration

Plaque Assay

We thawed frozen samples and performed 10x serial
dilutions. We added 250 uL of each dilution to a well
of confluent Vero E6 cells in a 12-well plate and incu-
bated them for 2 h. After 2 h, we added an additional
1 mL of 2% DMEM to each well. We incubated plates
at 37°C with 5% CO, for 4 d. On day 4, we removed
the medium from the wells and replaced it with 10%
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formaldehyde for 10 min. After 10 min, we removed
the formalin and replaced it with a 1% solution of
crystal violet. The crystal violet remained on the cells
for 10 min, at which point we removed it and rinsed
the plates with water. After drying, we assessed the
plates for plaques. We inferred individual titers and
virus half-lives in a Bayesian framework (Appendix),
modeling the plaque counts observed in titration wells
as Poisson distributed, as reported elsewhere (15).

Results

In DMEM on surfaces, MPXV showed a biphasic
pattern of initially slow, followed by rapid, decay.
Because the transition in pace of decay typically oc-
curred when all visible liquid had evaporated from
the surface, consistent with observations for SARS-
CoV-2 (15), we termed those periods the wet and dry
phases. MPXV was less stable at higher temperatures,
consistent with theoretical expectations (15) (Figure
1, panel A). It was more stable on stainless steel and
polypropylene surfaces than on cotton, although re-
covering viable virus from a porous, absorbent sur-
face like cotton may differ from recovery from non-
porous, nonabsorbent surfaces, such as stainless steel
(Figure 1, panel A). We calculated posterior median

Stability of Monkeypox Virus

estimated half-lives (T, ,) (interquartile range [IQR]
2.5%-97.5%) for the wet and dry phases (Appendix
Table). T, , on cotton during the dry phase could not
be estimated for the 21°C-23°C room temperature
and 28°C tropical conditions because we could detect
no viable virus after the point of macroscopically ob-
served drying of surfaces (Figure 1, panel A).

Next, we investigated the stability of MPXV in
body fluids: blood, semen, serum, saliva, urine, and
feces (Figure 2, panel A). We evaluated all matri-
ces both on surfaces and in solution. Virus half-life
showed no obvious differences between the wet and
dry phases in blood, semen, and serum; half-lives dur-
ing both phases were similar to half-lives in DMEM
solution (Figure 2, panel B). In contrast, for saliva,
urine, and feces on surfaces, virus half-lives were no-
tably longer during the wet than the dry phase, and
for all 3 secretions, half-lives were similar in solution
(Figure 2, panel B).

MPXYV in blood and semen showed little or no de-
tectable decay either in solution or on surfaces during
the 20-day test period (Figure 2, panel A; Appendix
Table 1). Results for blood on surface and in solution
varied notably. T, , for blood in solution was 58.90
days (IQR 10.00-1,638.42 days) and on surfaces (dry

Figure 1. Monkeypox virus decay on cotton, polypropylene, and stainless steel under different environmental conditions. A) Regression
lines showing predicted exponential decay of virus titers over time compared with measured (directly inferred) virus titers. Points

show posterior median of measured titers; black lines show 95% credible intervals. Colored lines indicate random draws from the joint
posterior distribution of exponential decay rate (negative of the slope) and intercept (initial virus titer), visualizing range of possible
decay patterns for each experimental condition. Blue lines show virus titers during the inferred wet phase, when residual moisture
remains visible on the surface; red lines show virus titers during the inferred dry phase, when evaporation has reached a state of quasi-
equilibrium. The exact breakpoint was inferred from the data with a previous measurement from the last day of observable liquid. B)
Inferred virus half-lives by surface and temperature condition. Dots show the posterior median half-life estimate and black lines show
68% (thick) and 95% (thin) credible intervals. Violin plots show the shape of posterior distribution. Blue show inferred virus half-lives on

surfaces during wet phase and red on surfaces during dry phase.
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Figure 2. Monkeypox virus decay in human blood, semen, serum, saliva, urine, and feces solutions deposited on surfaces. A)
Regression lines showing predicted exponential decay of virus titers over time compared with measured (directly inferred) virus titers.
Points show posterior median measured titers; black lines show 95% credible intervals. Colored lines indicate random draws from joint
posterior distribution of exponential decay rate (negative of the slope) and intercept (initial virus titer), visualizing range of possible
decay patterns for each experimental condition. Top row shows experiments in bulk solution (liquid); bottom row shows experiments on
surfaces. For surface experiments, light blue lines show the inferred titers during the wet phase, when visible residual moisture remains
on the surface; red lines show the inferred dry phase, when evaporation has reached a state of quasi-equilibrium. The exact breakpoint
was inferred from the data with a previous measurement from the last day of observable liquid. B) Inferred virus half-lives by condition
and state. Dots show the posterior median half-life estimate and black lines show 68% (thick) and 95% (thin) credible intervals. Violin
plots show the shape of posterior distribution. Dark blue show inferred virus half-lives in bulk solution, light blue on surfaces during wet

phase, and red on surfaces during dry phase.

phase) was 38.75 days (IQR 6.75-1,234.38 days). T, ,
for semen in solution was 4.63 days (IQR 3.94-5.70
days) and on surfaces (dry phase) was 4.57 days (IQR
3.35-7.09 days). MPXV in serum decayed over the
test period, but with long half-lives of >1 days. T, ,
for serum in solution was 1.93 days (IQR 1.71-2.27
days) and on surfaces (dry phase) was 1.32 days (IQR
0.98-1.78 days) (Figure 2, panels A, B).

MPXV had a long half-life in saliva, both in so-
lution and on surfaces during the wet phase. T, , for
saliva in solution was 6.49 days (IQR 4.72-10.75 days)
(Figure 2, panel B, Appendix Table 1) and on surfaces
(wet phase) was 2.05 days (IQR 0.66-9.84 days), but
it decayed rapidly during the dry phase: T, , = 0.16
days (IQR 0.05-0.25 days). MPXV was less stable in
urine and feces, but similar to results for some other
body fluids, decay accelerated during the dry phase
on surfaces (Figure 2, panel B). T, , for urine in solu-
tion was 1.69 days (IQR 1.35-2.17 days); on surfaces
(wet phase), 0.86 days (IQR 0.32-4.10 days); and on
surfaces (dry phase), 0.11 days (IQR 0.03-0.21 days).
T, , for feces in solution was 1.28 days (IQR 1.07-1.53
days); on surfaces (wet phase), 0.76 days (IQR 0.35-
2.51 days); and on surfaces (dry phase), 0.06 days
(IQR 0.01-0.14 days).

Overall, MPXV was consistently at least as stable
in bulk liquid environments as on surfaces, especially
wet surfaces. Stability on wet versus dry surfaces dif-
fered notably for MPXV in saliva, urine, and feces but
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not for MPXV in blood, semen, and serum. On the ba-
sis of those differences in decay patterns for MPXV
and for other viruses, as reported elsewhere (16), we
hypothesized that a highly proteinaceous environ-
ment provides protection against decay of the virus,
perhaps particularly during and after evaporation of
residual water following deposition. To investigate
this hypothesis, we assessed stability of MPXV in so-
lution incorporating increasing percentages (0%, 40%,
80%,100%) of serum mixed with DMEM. Virus stabil-
ity (measured in half-lives) monotonically increased
as a function of the percentage of serum (Figure 3).
Finally, we determined the stability of MPXV and
effectiveness of sodium hypochlorite to inactivate
MPXYV in wastewater and deionized water (Figure 4).
In untreated deionized water, MPXV did not decay
during the sampling period: T, , = 60.79 days (IQR
22.67-1078.62 days) (Figure 3). MPXV decayed to a
meaningful level in wastewater, but with a half-life of
multiple days (T, , = 5.74 [IQR 4.58-8.05] days) (Figure
3; Appendix Figure 1). MPXV rapidly became inacti-
vated in deionized water with added sodium hypo-
chlorite; T, , was 1.19 minutes (IQR 0.85-1.71 minutes)
at 5 ppm free chlorine and 0.17 minutes (IQR 0.10-0.34
minutes) at 10 ppm. Higher chlorine concentrations
were required for rapid inactivation of MPXV in con-
taminated wastewater samples: T, , of viable virus was
8.13 minutes (IQR 6.45-10.50 minutes) at 5 ppm chlo-
rine and 1.17 minutes (IQR 1.05-1.28 minutes) at 10
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ppm. Differences in required chlorine concentrations
could be because of high free-chlorine consumption by
the wastewater (17). These results suggest that MPXV
is quite stable in untreated water, including wastewa-
ter, but that wastewater can be disinfected quickly,
substantially reducing levels of viable virus.

Discussion

Different studies investigating the stability of viruses
of the genus Orthopoxvirus (family Poxiviridae) have
arrived at similar conclusions as this study. Prolonged
variola stability has been reported in scabs, vesicle and
pustule fluids, lymph system, and purulent sores of
patients (18). Also, investigations of variola in raw cot-
ton and vaccinia in storm water and feces showed that
a few virus particles may survive for long periods of
time (18-21). Only a few studies have tested the sta-
bility of MPXV. An experimental study conducted on
MPXYV aerosol indicated the virus could remain viable
in aerosol form for a prolonged period (22). Two other
studies measuring stability and inactivation of MPXV
showed the virus could be efficiently inactivated by
alcohol- and aldehyde-based surface disinfectants.
When World Health Organization-recommended al-
cohol-based hand rub solutions were used to test disin-
fection, MPXV displayed greater stability than all other
emerging or reemerging enveloped viruses (23,24).

Stability of Monkeypox Virus

We found that MPXV indeed shows strong en-
vironmental persistence on surfaces and in solution.
MPXV in some media (DMEM with human saliva,
urine, and feces) showed clear biphasic decay on sur-
faces but not in others (blood, semen, and serum). The
observed biphasic decay was indicative of stability ki-
netics differing from the virus initially deposited on
surfaces in a liquid solution to virus remaining after
macroscopic evaporation of the solution. Stability also
varied depending on the various MPXV-containing
fluids and wastewater we tested. MPXV persisting in
clinical specimens (25-27) or tissues also suggested
fluid-dependent rates of decay. More proteinaceous
solutions, such as blood, serum, and semen, favored
virus stability. We confirmed experimentally that the
protective effect of serum was directly proportional to
the concentration of serum. That finding was consis-
tent with observations from other recent studies that
environmental inactivation of viruses can be slowed
by proteins in the solution and is strongly dependent
on physicochemical properties of the medium (16).

Environmental risk assessment has typically fo-
cused on properties of the ambient environment (tem-
perature, humidity, surface type for fomite transmis-
sion, ventilation rate for airborne transmission). Taken
together with previous work on other viruses, our
results suggest that route and type of contamination

Figure 3. Monkeypox virus decay in different human serum dilutions in Dulbecco modified Eagle medium. A) Regression lines showing
predicted exponential decay of virus titers over time compared with measured (directly inferred) virus titers. Points show posterior
median measured titers; black lines show 95% credible intervals. Colored lines indicate random draws from joint posterior distribution of
the exponential decay rate (negative of the slope) and intercept (initial virus titer), visualizing range of possible decay patterns for each
experimental condition. B) Inferred virus half-lives by serum concentration. Dots show posterior median half-life estimate and black lines
show 68% (thick) and 95% (thin) credible intervals. Violin plots show the shape of posterior distribution of virus half-lives.
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Figure 4. Monkeypox virus exponential decay and decontamination in wastewater and DI water. A) Regression lines showing predicted
exponential decay of virus titer over time compared with measured (directly inferred) virus titers. Points show posterior median
measured titers; black lines show 95% exponential decay rate (negative of the slope) and intercept (initial virus titer), visualizing range
of possible decay patterns for each experimental condition. B) Inferred virus half-lives as a function of free chlorine concentration in
parts per million. Violin plots show the shape of the posterior distribution of virus half-lives. Dots show credible intervals for posterior
median half-life estimates and black lines show 68% (thick) and 95% (thin) credible intervals. Violin plots show the shape of posterior
distribution. Dark blue show inferred virus half-lives in DI water and red in wastewater. DI, deionized; ppms, parts per million.

should also be considered, because viability of virus-
es may also depend on the body fluids from which
they are shed. That factor may partly account for
variability in persistence of environmental MPXV
contamination on different surfaces (11) and in dis-
crepancies between the longevity of MPXV on cotton
in this study compared with results from epidemio-
logic investigations in which exudate (vesicular or
pustular fluids) provided more virus-protective en-
vironments (18). So far, of the many cases reported
among healthcare workers, only a few have been oc-
cupationally acquired (28-32), suggesting that risk for
workplace transmission of MPXV to healthcare work-
ers is notably low. In addition, many environmental
surfaces are regularly exposed to UV light and com-
mon household disinfectants, which decrease viral
infectivity. Nevertheless, persistence of MPXV in the
environment suggests that precautions are required
to avoid environmental and nosocomial transmis-
sion, in particular in hospital settings.
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MPXV transmission and spread through sexu-
al contact, especially among MSM, has been con-
firmed. That means long half-lives of viable MPXV
in blood and semen increase risk of transmission
through fluid exchange or skin-to-skin contact dur-
ing sexual activity. Potential long-term viability in
semen presents further implications for viral load in
infected persons and for duration of infectiousness
even after viral replication stops. Genetic material
from other viruses, including Zika and Ebola, has
been detected in semen months or years after initial
infection, but how this relates to MPXV infectiv-
ity remains an open question (33). Estimated viral
half-lives in our work are consistent with infectious
MPXYV remaining in semen for weeks after virus
replication ends, as reported elsewhere (34,35). It
should be noted however, that in patient blood, so
far only DNA has been detected, and what roles
blood and serum can play in MPXV transmission
remains unclear (36).
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Our finding that MPXV can remain infectious for
weeks in untreated wastewater raises the potential for
risk of exposure among sanitation workers, peridomes-
tic animals, and wildlife (13). Given the suspected role
of rodents as reservoirs of MPXYV, this possibility raises
hypothetical concerns about zoonotic reservoirs becom-
ing established in previously nonendemic countries.
However, we emphasize that dilution and chemical
disinfection can mitigate these risks. Because previous
studies only tested for viral DNA (12,37-40), we suggest
that testing for infectious MPXV could be a valuable
complement to PCR-based wastewater surveillance
when significant quantities of viral DNA are detected.

In conclusion, our results suggest that MPXV sta-
bility is dependent on the surface, the environmen-
tal conditions, and the matrix of the virus. Overall,
we found MPXV showed long half-lives in a variety
of body fluids, both in bulk solutions and when de-
posited wet then allowed to dry on common clinical
and residential surfaces, and half-lives approaching
a week in untreated wastewater. Our findings sug-
gest that, because virus stability is sufficient to sup-
port environmental or fomite transmission of MPXV,
exposure and dose-response will be limiting factors
for those transmission routes.
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Ancestral Origin and Dissemination
Dynamics of Reemerging
Toxigenic Vibrio cholerae, Haiti

Carla N. Mavian, Massimiliano S. Tagliamonte, Meer T. Alam, S. Nazmus Sakib, Melanie N. Cash,
Monika Moir, Juan Perez Jimenez, Alberto Riva, Eric J. Nelson, Emilie T. Cato,
Jayakrishnan Ajayakumar, Rigan Louis, Andrew Curtis, V. Madsen Beau De Rochars,
Vanessa Rouzier, Jean William Pape, Tulio de Oliveira, J. Glenn Morris Jr.,! Marco Salemi,* Afsar Ali*

The 2010 cholera epidemic in Haiti was thought to have
ended in 2019, and the Prime Minister of Haiti declared
the country cholera-free in February 2022. On September
25, 2022, cholera cases were again identified in Port-au-
Prince. We compared genomic data from 42 clinical Vib-
rio cholerae strains from 2022 with data from 327 other
strains from Haiti and 1,824 strains collected worldwide.
The 2022 isolates were homogeneous and closely related
to clinical and environmental strains circulating in Haiti dur-
ing 2012-2019. Bayesian hypothesis testing indicated that
the 2022 clinical isolates shared their most recent common
ancestor with an environmental lineage circulating in Haiti
in July 2018. Our findings strongly suggest that toxigenic V.
cholerae O1 can persist for years in aquatic environmental
reservoirs and ignite new outbreaks. These results highlight
the urgent need for improved public health infrastructure
and possible periodic vaccination campaigns to maintain
population immunity against V. cholerae.

he ancient disease cholera remains a major public

health threat in countries lacking safe drinking wa-
ter, optimal sanitation, and preventive hygiene prac-
tices (1). In Haiti, which had not had a cholera outbreak
in >100 years, toxigenic Vibrio cholerae O1 was detected
in October 2010, after a major earthquake in January
2010 that destroyed much of the nation’s public health
infrastructure. The first cholera epidemic wave in 2010
was likely caused by introduction of toxigenic V. chol-
erae O1 by peacekeeping troops from Nepal through

contamination of Haiti’s Artibonite River by sewage
outflows from the camp used by the peacekeeping
contingent (2-4). Initial disease transmission was asso-
ciated with exposure to water in the Artibonite River,
then transmission throughout the country by human
movement, tracking along major highways, and sub-
sequent reentry of the microorganism into the aquatic
environment (5-8). During October 2010-February
2019, more than 820,000 cases and nearly 10,000 chol-
era deaths were reported in Haiti (9).

Despite ongoing surveillance, no clinical chol-
era cases were reported in Haiti from February 2019
through early September 2022, leading to assump-
tions that cholera had been eradicated (10). Howev-
er, on September 25, 2022, two V. cholerae infections
were identified in the Port-Au-Prince metropolitan
area (11), after which the outbreak rapidly spread
across the country. By May 12, 2023, the epidemic
had resulted in 41,944 suspected cases in all 10 de-
partments of the country; 38,420 hospitalizations and
685 deaths were reported (12). Full genome cholera
sequences from an isolate sampled on September 30,
2022 (13), and 16 additional isolates collected from
Centre, Grand-Anse, and Ouest Departments during
September 30-October 31, 2022 (14), showed that the
2022 strains were homogeneous and closely related to
the clinical and environmental strains circulating in
Haiti since 2010.
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Our research group has been monitoring the
cholera epidemic in Haiti since 2010 (15). Our work
has highlighted the role of the aquatic environment
in the initial 2010 epidemic and the ongoing evolu-
tion of V. cholerae strains collected as part of longi-
tudinal collection of water samples from rivers and
estuarine sites (6-8,16-18). Yet, the underlying driv-
er of recurrent toxigenic V. cholerae O1 outbreaks
in endemic settings remains highly debated. One
scenario suggests that periodic introduction and
transmission of new cholera strains within human
populations is the major driver and that environ-
mental aquatic reservoirs play little or no role, pro-
viding only a transient medium for the bacteria to
pass from one host to the next (19,20). An alternative
perspective argues that toxigenic V. cholerae O1, akin
to other Vibrio spp., can persist in aquatic reservoirs
with seasonal and occasional spillover into human
populations and then exponentially spread from
person to person (21,22). We used whole-genome
sequencing and Bayesian phylogenetics and phylo-
geography to reconstruct the origin and dissemina-
tion dynamic of toxigenic V. cholerae reemergence
during the 2022 epidemic in Haiti.

Methods

For this study, we sequenced 42 clinical V. cholerae
strains isolated during October-November 2022 and
48 previously unreported V. cholerae strains from clini-
cal (n =45) and environmental (n = 3) sources collected
by our group during September 2017-June 2018, the
last years of the previous epidemic wave. We used a
Bayesian framework to construct phylogeny for those
sequences, a large (n = 1,824) dataset of worldwide se-
quences, and publicly available sequences from strains
isolated Haiti in 2022 (n = 17) and during 2010-2019
(n = 262, including 32 sequences from environmental
isolates collected by our group) (9).

Sample Collection and V. cholerae Isolation

To isolate toxigenic V. cholerae O1, stool samples were
collected and immediately transported to the labora-
tory of the Groupe Haitien d’Ftude du Sarcome de
Kaposi et des infections Opportunistes (GHESKIO)
or to the University of Florida (UF) laboratory in
Haiti. The UF laboratory processed all environmental
samples. Samples were enriched in alkaline peptone
water or directly inoculated samples onto thiosulfate-
citrate-bile-sucrose agar plates, or both, as described
previously (6,7,16,17,23). We further characterized
each isolate by serology and performed initial genetic
characterization by using PCR techniques targeting
toxigenic V. cholerae genes (6).

2074

We initiated V. cholerae environmental studies
in 2012, collecting water samples each month from
a series of 17 fixed environmental sampling sites
in rural river and estuarine areas in Gressier and
Leogane (Figure 1). We previously reported isola-
tion of V. cholerae from 10 (59%) of the 17 collection
sites and 17 (8.6%) of 197 surface water samples in
2013-2014 (6,7). V. cholerae isolation was seasonal
and associated with higher surface water tempera-
tures and increased rainfall (6,7). We did not see
a correlation between fecal coliform counts and
V. cholerae isolation, suggesting that the environ-
mental toxigenic V. cholerae O1 we isolated were
autochthonous and not associated with fecal con-
tamination at the collection site (6,7). We subse-
quently expanded site locations to include multiple
sites in the Port-au-Prince region; sites in Jacmel, on
the southern coastline of Haiti; and sites along the
Artibonite River, where cholera was introduced in
2010 (Figure 1). We isolated a total of 32 toxigenic
V. cholerae O1 bacteria from aquatic environmental
sites during 2012-2018.

Whole-Genome Mapping and SNP Calling

The UF Emerging Pathogens Institute (Gainesville,
Florida, USA) performed high-quality full genome
next-generation sequencing on 90 strains from
2017-2018 and 2022 by using previously described
in-house protocols (6-8,16,18) (Appendix, https://
wwwnc.cde.gov/EID/article/29/10/23-0554-App1.
pdf). We trimmed raw reads and genome assemblies
from GenBank and the European Nucleotide Archive
(ENA; https:/ /www.ebi.ac.uk/ena) databases by us-
ing fastp version 0.22.0 (24). We analyzed reads by
reference mapping to the 2010EL-1786 strain (Gen-
Bank accession nos. NC_016445.1 and NC_016446.1)
as a reference for the Haiti dataset (8,18) or the N16961
strain (GenBank accession nos. NZ_CP028827.1 and
NZ_CP028828.1) as reference for the global data-
set (19,20). We used Snippy version 4.6.0 (https://
github.com/tseemann/snippy) for mapping and
variant calling and Gubbins version 3.2.1 (25) to scan
consensus genome alignments for recombination. For
the global dataset, we split the alignment into clusters
we identified with fastBaps version 1.0.8 (26) before
recombination analysis (Appendix).

Phylogenetic Inference with Worldwide

V. cholerae Dataset

We inferred a maximum-likelihood phylogenetic tree
by using IQ-TREE (27) to compare V. cholerae O1 strains
from Haiti, including isolates from the 2022 outbreak,
with 1,824 worldwide cholera strains collected during

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023



Origin of Reemerging Vibrio cholerae, Haiti

Figure 1. Selective sites of environmental sampling during used in a study of ancestral origin and dissemination dynamic of reemerging
toxigenic Vibrio cholerae, Haiti. Blue dots indicate locations of environmental sampling sites for V. cholerae during 2012-2018. Inset
shows detail of Port-au-Prince area sampling sites. Maps created by using OpenStreetMap (https://www.openstreetmap.org).

1957-2022. The global collection comprised strains
from Europe (n = 22), the Americas (n = 593, excluding
the Haiti strains), Asia (n = 465), Africa (n = 743), and
Oceania (n = 1). Strains from the Americas included
those from an outbreak in Argentina in the 1990s and
an outbreak in Mexico during the 1990s-2013. Samples
from Asia included strains from Bangladesh (1971-
2011 and 2022), Nepal (1994, 2003, and 2010), and a
wide range of strains from India collected during 1962~
2017. The collection from Africa included strains from
the 2015-2017 outbreak in the Democratic Republic of
the Congo (28). Strains from the Middle East included
strains from Yemen in 2017 (29). We determined the
phylogenetic signal by using the likelihood mapping
test in IQ-TREE (27). We used TreeTime (30) to obtain
a maximum-likelihood tree scaled in time.

Phylodynamic Inference and Phylogeography
We used a Bayesian framework to infer a posterior
distribution of trees and estimate the time of the most

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

common ancestor of the sampled sequences. We con-
sidered strict or uncorrelated relaxed molecular clock
models and constant or Bayesian skyline plot demo-
graphic priors. We ran Markov chain Monte Carlo
samplers for 500 million generations, sampling every
50,000 generations, which was sufficient to achieve
proper mixing of the Markov chain, as evaluated by
effective sampling size >200 for all parameter esti-
mates under a given model. We used BEAST version
1.10.4 (31) to perform Bayesian calculations. We ob-
tained a maximum clade credibility (MCC) tree from
the posterior distribution of trees by using optimal
burn-in with TreeAnnotator in BEAST. For publish-
ing purposes, we visualized the MCC phylogeny in R
(The R Foundation for Statistical Computing, https://
www.r-project.org) by using the ggtree package (32).

We performed Bayesian phylogeographic analy-
sis in BEAST version 1.10.4 (33) by using groups as
a discrete trait, an asymmetric transition (migration)
model, Bayesian skyline plot as demographic prior,
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and Bayesian stochastic search variable selection
models. We considered rates yielding a Bayes factor
(BF) >3 as well-supported diffusion rates (34) and BF
>6 as decisive support (35), constituting the migra-
tion graph. We used DensiTree version 2 (R. Remco et
al., unpub. data, https://doi.org/10.1101/012401) to
graphically edit phylogenetic trees (Appendix).

Results

Epidemiology of 2022 Outbreak and Characterization
of Toxigenic V. cholerae O1 Clinical Isolates

Our work focused on patients admitted to the GHESKIO
cholera treatment center (CTC) in Port-au-Prince.
GHESKIO CTC is near a portion of the city waterfront
occupied by shantytowns (Figure 2, panel A), which
were a key source of cases in the 2022 epidemic. Cases
seen at GHESKIO CTC were concentrated among chil-
dren (Figure 3, panel A), which aligned with national
data reported by the Ministry of Public Health and Pop-
ulation in Haiti (12). Isolated V. cholerae strains were sus-
ceptible to antimicrobial agents commonly used to treat
cholera (22), including doxycycline, ciprofloxacin, and
azithromycin (Appendix Table 1). However, ciprofloxa-
cin susceptibility was borderline and molecular analysis

showed a DNA gyrase mutation in gyrA (Ser83lle) and
parC (Ser85Leu) that was previously described in clini-
cal isolates from Haiti (36,37).

Epidemiologic curves of cumulative cases from
the GHESKIO CTC showed an exponential outbreak
followed by a plateau phase at the beginning of No-
vember 2022 (Figure 3, panel B), as noted in national
data (12). When we mapped the GHESKIO CTC case
data to neighborhoods, the major initial hotspots of
the epidemic were Bolosse, Village de Dieu, and Cite
Plus, all of which are proximate to or southwest of
GHESKIO, and Waaf Jeremy, north of GHESKIO
(Figure 2, panel A). During October 2022, at the be-
ginning of the epidemic, case foci clearly moved from
an initial concentration along the coast to inland areas
on a week-by-week basis (Figure 2, panels C-F).

We obtained sequence data for 42 toxigenic V.
cholerae O1 strains collected during October 3-No-
vember 21, 2022: 40 from GHESKIO CTC and 2 from
a clinic at Fond Parisien, which is in a rural area ~30
miles east of Port-au-Prince and near the border
with the Dominican Republic (Figure 2, panel B). All
strains were serotype Ogawa and carried the genes
for cholera toxin and other key genes associated with
cholera pathogenicity and virulence (Appendix Table

Figure 2. Temporal-spatial data on 2022 cholera cases in a study of ancestral origin and dissemination dynamic of reemerging toxigenic
Vibrio cholerae, Haiti. Data were reported by GHESKIO CTC. A) Cumulative number of patients per Port-au-Prince neighborhood

seen at the GHESKIO CTC during October—December 2022. B) Location of Fond Parisien site (no. 5 in gray circle) in relation to
phylogeographic case groupings in Port-au-Prince neighborhoods: 1, GHESKIO area; 2, central eastern; 3, far eastern; 4, greater
Pétion-Ville. C—F) Temporal and spatial distribution of the reported cholera cases by week: October 5-11 (C); October 12-18 (D);
October 19-25 (E); October 26—November 1 (F). Maps created by using OpenStreetMap (https://www.openstreetmap.org). CTC,
cholera treatment center; GHESKIO, Groupe Haitien d’Etude du Sarcome de Kaposi et des infections Opportunistes.
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Origin of Reemerging Vibrio cholerae, Haiti

Figure 3. Characteristics of the 2022 cholera outbreak in Haiti based on reported positive cholera cases by GHESKIO. A) Age
distribution of cases. B) Epidemiologic curves, by neighborhoods, of cumulative cases over time from the GHESKIO cholera treatment
center. Orange shading indicates sampling interval of this study. GHESKIO, Groupe Haitien d’Etude du Sarcome de Kaposi et des

infections Opportunistes.

2). All samples were collected between the end of the
exponential phase and the beginning of the plateau
phase of the epidemic (Figure 3, panel B). The UF
institutional review board approved analysis and se-
quencing of the deidentified isolates.

We performed genomewide comparison of high-
quality SNPs (SNPs) for those 42 sequences and 17
sequences from 2022 reported by others (13,14). Ge-
nomes were relatively homogenous and had a mean
nucleotide distance in pair-wise comparisons of 1.26
high-quality SNPs, consistent with a single source
introduction. However, 2022 cholera genomes from
Haiti displayed 41-53 (median 24) high-quality SNP
differences compared with the 2010EL-1786 reference
strain. Compared with all previous strains from Haiti,
a total of 5 mutations in coding segments of chromo-
some 1 were unique to the 2022 sequences, 1 synony-
mous and 4 nonsynonymous (Appendix Table 3). In
addition, a 4-nt insertion caused a frameshift in the
hypothetical gene HJ37_RS07360, resulting in a pre-
mature stop codon (Appendix Table 3).

As noted in prior publications (13,14), the max-
imum-likelihood phylogeny inferred from the ge-
nome-wide SNP alignment of 310 strains isolated
in Haiti from 2010-2018, sequences from the 2022
outbreak (n = 59, including our 42 new sequences)
and 1,824 worldwide reference sequences (Appen-
dix Table 4) confirmed that the new cholera cases
clustered within a well-supported (bootstrap >90%)
monophyletic clade from Haiti (Appendix Figure 1).
Those findings clearly demonstrate that the outbreak
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was caused by reignition of endemically circulating
strains rather than outside introduction.

Bayesian Phylogeography Dissemination

during Early Outbreak Phases

We reconstructed V. cholerae dispersal patterns for the
42 Haiti strains we sequenced and for which neigh-
borhood of residence was known by using a Bayes-
ian phylogeographic framework. Because of the short
sampling time (October 3-November 21, 2022), we
used a strict molecular clock and a fixed rate of 0.0179
SNP nucleotide substitutions per high-quality SNP
site, which is similar to estimates obtained by previ-
ous studies (8,16,18), and the molecular clock analysis
performed on our whole 2010-2022 Haiti dataset (Ap-
pendix). We used DensiTree to visualize the posterior
distribution of trees obtained from phylogeography
analysis to depict all probable migrations (Figure 4,
panel A), from which we extracted migrations that
were strongly supported by BFs of 5<BF<6 and BF>6
(Figure 4, panel B; Appendix Table 5). Cases included
in the phylogeographic analysis tended to cluster in
4 general areas in Port-au-Prince (Figure 2, panel B;
Figure 4, panel B). The snapshot of that phase of the
outbreak provided by the phylogeography analysis
is consistent with epidemiologic findings showing
an epidemic hub within the Port-au-Prince admin-
istrative district and statistically significant (BF >6)
migrations from group 2, corresponding to the cen-
tral eastern neighborhoods of Port-au-Prince to other
communes within the city and then to Fond Parisien
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(Figure 4, panel B). We also observed well-supported
(5<BF<6) migrations within Port-au-Prince with ori-
gins in group 1, corresponding to the GHESKIO envi-
rons, and in group 4, corresponding to greater Pétion-
Ville (Figure 4, panel B).

Ancestral Origin of 2022 V. cholerae O1 Strains in Haiti
Toxigenic V. cholerae O1 strains sampled in Haiti dur-
ing 2010-2014 were all Ogawa serotype, except for oc-
casional sporadic Inaba strains. However, beginning
in 2015, Inaba became the dominant clinical serotype,
and by 2018 virtually all sampled clinical strains were
serotype Inaba (8,17,18). During that time, toxigenic
Ogawa strains were still detected from environmen-
tal sources (Figure 5, Appendix Figure 2, panels A,
B). In contrast, all 2022 clinical strains were serotype
Ogawa (Appendix Figure 2, panel C); thus, we sought
to test the hypothesis that the new outbreak was
linked to Ogawa strains persisting in the environ-
ment. Strong phylogenetic and temporal signals were
detected in the whole dataset from Haiti, including
clinical and environmental cholera samples collected
during 2010-2022 (Appendix Figure 3). We inferred
Bayesian MCC trees according to different molecular
clock models and demographic priors (Appendix).
To select the best fitting model, we compared path
sampling and stepping-stone marginal likelihood es-
timates for each model pair by BF (Appendix Table
6). The MCC tree showed high support (posterior

probability >0.9) for the 2022 strains sharing a most
recent common ancestor (MRCA) with EnvJ515 en-
vironmental Ogawa strain (Figure 5, panels A, B),
which was sampled in 2018 at a site on the Jacmel
Estuary on Haiti’s southeastern coast. Path sampling
and stepping-stone model testing also showed that
although the phylogeny model enforcing monophyly
with environmental strain EnvJ515 had a lower pos-
terior probability than the unconstrained tree, the BF
between the 2 models was not statistically significant
(Appendix Table 6). Enforcing monophyly of the 2022
clade with other Ogawa or Inaba strains sampled in
2018 always resulted in a BF decisively supporting
the null hypothesis of common ancestry between the
2022 strains and Env]515 (Table).

The time to MRCA of 2022 outbreak strains was
January 2022 (95% high posterior density interval of
April 2021-July 2022), sharing a common ancestor
with Env]515 in July 2018 (95% high posterior den-
sity interval May-July 2018) (Figure 5, panel B). Five
high-quality SNPs in chromosome I and 1 in chromo-
some II differentiate the 2022 outbreak strains from
Env]515; all are nonsynonymous mutations, and 2
affect hypothetical proteins (Appendix Table 7). We
mapped an additional SNP difference in an inter-
genic region of chromosome II (Appendix Table 7).
Although our focus was on Env]515, 2 other environ-
mental Ogawa strains appear at the base of both the
Ogawa and Inaba clades in the MCC tree: Env5156,

Figure 4. Bayesian phylogeography and dissemination patterns of reemerging toxigenic Vibrio cholerae, Haiti, during the 2022 outbreak.
A) Bayesian DensiTree showing superimposed posterior distribution of trees inferred by the phylogeography analysis of V. cholerae full
genomes from clinical cases sampled in Haiti during October 3—November 21. Colors indicate branches of samples grouped by location.
B) Locations of case clusters delimited by colored circles. Solid- and broken-lined arrows indicate migration patterns among areas,

as supported by Bayes factor and inferred from phylogeographic analysis by using a discrete trait asymmetric diffusion model. We
considered rates yielding a BF >3 supported diffusion rates (33) and BF >6 decisive support (34), constituting the migration graph. Maps
demonstrate major migrations of 5<BF<6 and BF >6. A list of all migrations supported by BF >3 are reported elsewhere (Appendix Table
5, https://wwwnc.cdc.gov/EID/article/29/10/23-0554-App1.pdf). BF, Bayes factor.
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Figure 5. Inferred Bayesian phylogeny in a study of ancestral origin and dissemination dynamic of reemerging toxigenic Vibrio
cholerae, Haiti. Phylogeny was inferred from 371 toxigenic V. cholerae O1 full genome clinical and environmental strains collected in
Haiti during 2010-2022. A, B) Time-scaled phylogenies of V. cholerae serotypes inferred by enforcing a relaxed clock with Bayesian
skyline demographic prior in BEAST version 1.10.4 (https://beast.community): A) Phylogeny of all isolates collected during 2010-2022.
Dotted box denotes area detailed area shown in panel B. B) Detail of Ogawa clade from which the 2022 V. cholerae epidemic strains
were derived. Gray circles indicate internal nodes supported by posterior probability >0.9. Branch lengths are scaled in time according

to the x-axis. Time to MRCA of the 2022 Haiti isolates is shown at the node. Heatmaps denote clinical or environmental source and
O1 serotype Ogawa or Inaba of the strains. Green arrows indicate the position of environmental strains basal to major clades. The
collapsed orange clade refers to the monophyletic Inaba clade. Numbered green dots represent environmental V. cholerae O1 Ogawa
isolates collected in Haiti; 2 were isolated from Jacmel Estuary, EnvJ515 in 2018 and Env4303 in 2015; Env5156 was isolated from
ariver in Leogane in 2016. C) Percentage of Ogawa and Inaba serotype isolates from samples collected in Haiti per year. HPD, high

posterior density; MRCA, most recent common ancestor.

which was isolated in 2016 from Leogane, on the
north coast of the southern peninsula; and Env4303,
which was isolated in 2015 from the Jacmel estuary
where Env]515 was isolated (Figure 5, panel B). The
2022 outbreak strains and Env]515, Env5156, and
Env4303 shared 24 high-quality SNPs, among which
16 are in coding segments, 9 cause a nonsynonymous
change, and 2 cause a frameshift (Appendix Table 8).
Those high-quality SNPs are a subset of a total of 41
that Env]515, Env5156, and Env4303 have in com-
mon, highlighting the link between the 2022 outbreak
strains and the Ogawa strains persisting in the aquat-
ic environment since 2015 (Appendix Table 9). Dur-
ing 2015-2018, a total of 4 Inaba strains were isolated
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from environmental sites in Gressier and Carrefour
(Figure 1). However, phylogenetic analysis showed
those strains were intermixed with concurrently iso-
lated Inaba clinical strains and were not closely re-
lated to the 2022 Ogawa clinical strains or 2015-2018
Ogawa environmental isolates (Figure 5, panel A).

Discussion

Our epidemiologic observations and phylogeographic
analysis focused on cholera patients admitted to the
GHESKIO CTC. Patient access to the GHESKIO CTC
might have been influenced by transportation issues
and local disruptions created by gang warfare in the
city. Nonetheless, our overall observations support the
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Table. Bayesian hypothesis testing of monophyly used in a study of ancestral origin and dissemination dynamic of reemerging

toxigenic Vibrio cholerae, Haiti*

Monophyly testingt ImI(ML)ss¥ Ln(BF)ss§ ImI(ML)ps¥ Ln(BF)ps8
Monophyly enforced with Ogawa 2014-2018 clade -1,985.9 95.3 -1,988.4 94.5
MCC tree 2022 Haiti clade monophyletic with EnvJ515 -1,890.6 -1,893.9

Monophyly enforced with Inaba 2018 clade -1,987.9 97.3 -1,990.0 96.1
MCC tree 2022 Haiti clade monophyletic with EnvJ515 -1,890.6 -1,893.9

*BF, Bayes factor; Iml, log marginal likelihood; Ln, log; MCC, maximum clade credibility; ML, maximum-likelihood; SS, stepping-stone; PS, path sampling.
1The test compares the MCC tree topology in Figure 5, panel B (Ho), between 2022 environmental strains and 2018 environmental strain ENV515.
Alternative topologies were obtained by enforcing monophyly with other strains (Ha).

flog of marginal likelihood estimates, ImI(MLE), obtained by SS or PS by using a strict molecular clock and a Bayesian skyline demographic prior, with or
without enforcing monophyly between the 2022 Haiti strains and different clinical strains.

8log of BF comparing the null (Ho) and alternative (Ha) hypotheses.

hypothesis that the 2022 cholera outbreak in Haiti radi-
ated from a single hub in Port-au-Prince, then spread
exponentially, and was not caused by introduction of
multiple V. cholerae strains. Of note, Bayesian hypoth-
esis testing showed that the 2022 cholera strains shared
a MRCA with an environmental lineage circulating in
2018. The location at the base of both Inaba and Ogawa
clades of 2 other environmental Ogawa strains isolated
in 2015 and 2016 is consistent with an established per-
sistent environmental foci of this toxigenic V. cholerae
O1 subclade (Figure 5, panels A, B). Of particular note,
we isolated Ogawa strain Env4303 from the Jacmel es-
tuary sampling site in 2015 and subsequently isolated
Env]515 from the same site 3 years later, when virtually
all clinical toxigenic V. cholerae O1 strains were serotype
Inaba from a clearly distinct subclade. Our prior in vi-
tro studies have demonstrated that toxigenic V. cholerae
strains can survive in nutrient-poor aquatic environ-
ments for >700 days (38). Although the ecologic or strain
factors driving persistence of V. cholerae strains within
environmental reservoirs remain to be fully elucidated,
persistence and subsequent spillover of strains from
environmental foci into human populations in Haiti is
supported not only by this study but also by prior phy-
lodynamic studies from our group (8).

Jacmel, where Env]515 was isolated, is a popular
local beach resort with easy access to Port-au-Prince
and numerous restaurants, bars, and hotels lining the
waterfront. Ten days before the first cholera case was
reported September 25, 2022, Haiti had catastrophic
flooding in the aftermath of hurricane Fiona (39), pro-
viding an ideal setting for environmental spillover
of V. cholerae into water and food systems. Spread of
the epidemic strain likely was further advanced by
an abrupt interruption of the water supply by the
national water company related to gang warfare and
political unrest (40,41). That interruption resulted in
an inability to provide potable water to shantytown
areas of Port-au-Prince, a key area where the epidem-
ic was identified. The shantytown areas are character-
ized by high-density, informal buildings and heavily
polluted, open-air drainage channels coming from the
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city, which does not have a formal sewerage system
or sewage treatment facilities. Those channels also
drain water from the surrounding mountains and
flow through the shantytown community into the
harbor. Two major drainage channels pass through
the areas near GHESKIO and Waaf Jeremy, areas that
had particularly high case counts in the early weeks
of the epidemic (Figure 2, panels C-F). Considering
the local challenges with water and sanitation, intro-
duction of V. cholerae into those areas, whether via the
drainage channels or through human movement, al-
most certainly led to the emergence of initial cholera
spatial hotspots and subsequent epidemic disease.

During the 2022 epidemic, infection rates ap-
peared to be substantially higher among children 0-9
years of age, which is consistent with a lack of immu-
nity to V. cholerae among this age group because they
were not exposed to clinical cases in the preceding
3-4 years. Of note, clinical cases in the 2015-2019 out-
break almost exclusively were caused by V. cholerae
Inaba serotype, and field-based studies suggest that
initial Inaba infections protect against subsequent
Ogawa infections (42). Thus, issues with cross-pro-
tection between the 2 serotypes and waning cholera
immunity in the general population might have led
to increased susceptibility to infection.

From a prevention standpoint, mathemati-
cal models we previously developed indicated that
cholera eradication in Haiti will be difficult without
substantive improvements to drinking water and
sanitation infrastructure and that a clear potential for
recurrence of epidemic disease from environmental
reservoirs exists (8,43). Our previous modeling also
underscored the potentially critical role that mass
cholera vaccination can play in controlling epidem-
ics (44). Although oral killed cholera vaccine has
been used successfully in targeted campaigns in Haiti
(45,46), efforts have not been made to immunize the
entire country or to develop a long-term vaccination
strategy. A major focus of prevention efforts in Haiti
has been implementation of rapid response teams that
go to homes of cholera patients and use sanitation
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and chlorination of household water to try to mini-
mize transmission within households (47). Those
efforts clearly are needed, but the ongoing risk for
recurrent outbreaks from environmental reservoirs
urges more action.

In summary, our data support the concept that a
previously circulating Ogawa lineage served as the
ancestor of V. cholerae strains that reemerged during
the 2022 cholera outbreak in Haiti, suggesting a crucial
link to the aquatic ecosystem. Links to environmental
reservoirs documented in this study highlight the ur-
gent need for overall improvements in public health
infrastructure and water sanitation in Haiti and poten-
tial need for periodic mass vaccination campaigns to
maintain protective levels of population immunity.

This article was preprinted at https://doi.org/10.1101/
2022.11.21.22282526.

Genomic sequences from this study have been deposited
in the National Center for Biotechnology Information
Sequence Read Archive under BioProject no. PR]J-
NA900623. Global maximum-likelihood and maximum
clade credibility trees are available at https:/ / github.com/
cmavian/ CholeraHaiti2022.

Funding for these studies was provided in part by grants
from the National Institute of Allergy and Infectious
Diseases (grant nos. R01AI128750, R01AI123657, and
RO1AI097405, awarded to ].G.M.).

Author contributions: CN.M.,, V.R,, JW.P, ].GM]].,

M.S., and A.A. conceptualized the study; CN.M., M.S.T.,
M.T.A,MN.C, MM, ].P]J., AR,SNS,EJN., ET.C,T.
dO., M.S,, and A.A. developed the methodology; C.N.M.,
MS.T., M.T.A., M.S,, and A.A. conducted the investigation;
C.N.M,, ]J.P.J., and M.M. created visualizations; ].G.M.].
acquired funding; CN.M., M.-T.A,, V.R,, JW.P.,, JGM.].,
M., and A.A. provided project administration; C.N.M.,
J.G.M.J, M.S,, and A.A. supervised the project; C.N.M.,
M.S., and A.A. wrote the original draft; CN.M., M.S.T.,
M.T.A, M\N.C,, VM.B.D.R, V.R,]JW.P., T.dO,,

J.GMJ.,, M.S,, and A.A. wrote, reviewed, and edited the
final manuscript.

About the Author

Dr. Mavian is a faculty member in the Department of
Pathology, Immunology, and Laboratory Medicine at the
University of Florida College of Medicine, Gainesville, FL,
USA. Her research interests include intrahost and interhost
evolution of HIV, emergence and spread of arboviruses

in the Americas, and the evolutionary dynamics of

Vibrio cholerae in the human population and aquatic
ecosystems in Haiti.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

Origin of Reemerging Vibrio cholerae, Haiti

References

1.

10.

11.

12.

13.

14.

15.

16.

World Health Organization. Cholera— global situation. 2022
[cited 2023 Feb 8]. https:/ /www.who.int/emergencies/
disease-outbreak-news/item/2022-DON426

Hendriksen RS, Price LB, Schupp JM, Gillece JD, Kaas RS,
Engelthaler DM, et al. Population genetics of Vibrio cholerae
from Nepal in 2010: evidence on the origin of the Haitian
outbreak. MBio. 2011;2:e00157-11. https:/ /doi.org/10.1128/
mBio.00157-11

Piarroux R, Barrais R, Faucher B, Haus R, Piarroux M,
Gaudart J, et al. Understanding the cholera epidemic, Haiti.
Emerg Infect Dis. 2011;17:1161-8. https:/ /doi.org/10.3201/
€id1707.110059

Ivers LC, Walton DA. The “first” case of cholera in Haiti:
lessons for global health. Am ] Trop Med Hyg. 2012;86:36-8.
https:/ /doi.org/10.4269/ajtmh.2012.11-0435

Blackburn JK, Diamond U, Kracalik IT, Widmer J, Brown W,
Morrissey BD, et al. Household-level spatiotemporal
patterns of incidence of cholera, Haiti, 2011. Emerg Infect
Dis. 2014;20:1516-9. https:/ / doi.org/10.3201/eid2009.131882
Alam MT, Weppelmann TA, Longini I, De Rochars VM,
Morris JG Jr, Ali A. Increased isolation frequency of toxigenic
Vibrio cholerae O1 from environmental monitoring sites in
Haiti. PLoS One. 2015;10:e0124098. https:/ /doi.org/10.1371/
journal.pone.0124098

Alam MT, Weppelmann TA, Weber CD, Johnson JA,

Rashid MH, Birch CS, et al. Monitoring water sources for
environmental reservoirs of toxigenic Vibrio cholerae O1,
Haiti. Emerg Infect Dis. 2014;20:356-63. https://doi.org/
10.3201/eid2003.131293

Mavian C, Paisie TK, Alam MT, Browne C, Beau De

Rochars VM, Nembrini S, et al. Toxigenic Vibrio cholerae
evolution and establishment of reservoirs in aquatic
ecosystems. Proc Natl Acad Sci U S A. 2020;117:7897-904.
https:/ /doi.org/10.1073/pnas.1918763117

World Health Organization. Cholera — Haiti, 12 October 2022
[cited 2023 Aug 29]. https:/ /www.who.int/emergencies/
disease-outbreak-news/item/2022-DON415

DAL Haiti declared free of cholera [cited 2023 Aug 29].
https:/ /www.dai.com/news/haiti-declared-free-of-cholera
Vega Ocasio D, Juin S, Berendes D, Heitzinger K,
Prentice-Mott G, Desormeaux AM, et al.; CDC Haiti Cholera
Response Group. Cholera outbreak —Haiti, September 2022~
January 2023. MMWR Morb Mortal Wkly Rep. 2023;72:21-5.
https:/ /doi.org/10.15585/ mmwr.mm?7202al

Ministry of Public Health and Population. Epidemiological
situation of cholera, 12 May 2023 [in French] [cited 2023 Aug
29]. https:/ /www.mspp.gouv.ht

Rubin DHF, Zingl FG, Leitner DR, Ternier R, Compere V,
Marseille S, et al. Reemergence of cholera in Haiti.

N Engl ] Med. 2022;387:2387-9. https:/ /doi.org/10.1056/
NEJMc2213908

Walters C, Chen J, Stroika S, Katz LS, Turnsek M, Compeére
V, et al. Genome sequences from a reemergence of Vibrio
cholerae in Haiti, 2022 reveal relatedness to previously
circulating strains. ] Clin Microbiol. 2023;61:e0014223.
https:/ /doi.org/10.1128 /jcm.00142-23

Ali A, Chen Y, Johnson JA, Redden E, Mayette Y, Rashid MH,
et al. Recent clonal origin of cholera in Haiti. Emerg

Infect Dis. 2011;17:699-701. https:/ /doi.org/10.3201/
€id1704.101973

Azarian T, Ali A, Johnson JA, Mohr D, Prosperi M,

Veras NM, et al. Phylodynamic analysis of clinical and
environmental Vibrio cholerae isolates from Haiti reveals
diversification driven by positive selection. MBio.
2014;5:€01824-14. https:/ /doi.org/10.1128 /mBio.01824-14

2081



RESEARCH

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

2082

Alam MT, Ray SS, Chun CN, Chowdhury ZG, Rashid MH,
Madsen Beau De Rochars VE, et al. Major shift of toxigenic
V. cholerae O1 from Ogawa to Inaba serotype isolated from
clinical and environmental samples in Haiti. PLoS Negl Trop
Dis. 2016;10:e0005045. https:/ /doi.org/10.1371/journal.
pntd.0005045

Paisie TK, Cash MN, Tagliamonte MS, Ali A, Morris ]G Jr,
Salemi M, et al. Molecular basis of the toxigenic Vibrio
cholerae O1 serotype switch from Ogawa to Inaba in Haiti.
Microbiol Spectr. 2023;11:0362422. https:/ /doi.org/10.1128/
spectrum.03624-22

Weill FX, Domman D, Njamkepo E, Tarr C, Rauzier J,
Fawal N, et al. Genomic history of the seventh pandemic
of cholera in Africa. Science. 2017;358:785-9.

https:/ /doi.org/10.1126/ science.aad5901

Domman D, Quilici ML, Dorman MJ, Njamkepo E, Mutreja A,
Mather AE, et al. Integrated view of Vibrio cholerae in the
Americas. Science. 2017;358:789-93. https:/ /doi.org/10.1126/
science.aa02136

Colwell RR, Huq A. Environmental reservoir of Vibrio
cholerae. The causative agent of cholera. Ann N'Y Acad Sci.
1994;740(1 Disease in Ev):44-54. https:/ /doi.org/
10.1111/j.1749-6632.1994.tb19852.x

Morris JG Jr. Cholera—modern pandemic disease of ancient
lineage. Emerg Infect Dis. 2011;17:2099-104. https:/ / doi.
org/10.3201/eid1711.111109

Azarian T, Ali A, Johnson JA, Jubair M, Cella E, Ciccozzi M,

et al. Non-toxigenic environmental Vibrio cholerae O1 strain from
Haiti provides evidence of pre-pandemic cholera in Hispaniola.
Sci Rep. 2016;6:36115. https:/ /doi.org/10.1038/srep36115
Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-

one FASTQ preprocessor. Bioinformatics. 2018;34:i884-90.
https:/ /doi.org/10.1093 /bioinformatics / bty560

Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA,
Bentley SD, et al. Rapid phylogenetic analysis of large
samples of recombinant bacterial whole genome sequences
using Gubbins. Nucleic Acids Res. 2015;43:e15.

https:/ /doi.org/10.1093 /nar/ gku1196

Tonkin-Hill G, Lees JA, Bentley SD, Frost SDW, Corander J.
Fast hierarchical Bayesian analysis of population structure.
Nucleic Acids Res. 2019;47:5539-49. https:/ /doi.org/10.1093/
nar/gkz361

Nguyen LT, Schmidt HA, von Haeseler A, Minh BQ.
IQ-TREE: a fast and effective stochastic algorithm for
estimating maximum-likelihood phylogenies. Mol Biol Evol.
2015;32:268-74. https:/ / doi.org/10.1093 / molbev/msu300
Alam MT, Mavian C, Paisie TK, Tagliamonte MS, Cash MN,
Angermeyer A, et al. Emergence and evolutionary response
of Vibrio cholerae to novel bacteriophage, Democratic
Republic of the Congo. Emerg Infect Dis. 2022;28:2482-90.
https:/ /doi.org/10.3201/eid2812.220572

Weill F-X, Domman D, Njamkepo E, Almesbahi AA,

Naji M, Nasher SS, et al. Genomic insights into the 2016-2017
cholera epidemic in Yemen. Nature. 2019;565:230-3.

https:/ /doi.org/10.1038 /s41586-018-0818-3

Sagulenko P, Puller V, Neher RA. TreeTime: maximum-
likelihood phylodynamic analysis. Virus Evol. 2018;4:vex042.
https:/ /doi.org/10.1093/ve/vex042

Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary
analysis by sampling trees. BMC Evol Biol. 2007;7:214.
https://doi.org/10.1186/1471-2148-7-214

Yu GC, Smith DK, Zhu HC, Guan Y, Lam TTY. GGTREE: an
R package for visualization and annotation of phylogenetic
trees with their covariates and other associated data.
Methods Ecol Evol. 2017;8:28-36. https:/ /doi.org/
10.1111/2041-210X.12628

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Drummond AJ, Suchard MA, Xie D, Rambaut A.

Bayesian phylogenetics with BEAUti and the BEAST 1.7.
Mol Biol Evol. 2012;29:1969-73. https:/ / doi.org/10.1093/
molbev/mss075

Lemey P, Rambaut A, Drummond AJ, Suchard MA.
Bayesian phylogeography finds its roots. PLOS Comput Biol.
2009;5:€1000520. https:/ /doi.org/10.1371/journal.pcbi.
1000520

Xie W, Lewis PO, Fan Y, Kuo L, Chen MH. Improving
marginal likelihood estimation for Bayesian phylogenetic
model selection. Syst Biol. 2011;60:150-60. https://doi.org/
10.1093/sysbio/syq085

Sjolund-Karlsson M, Reimer A, Folster JP, Walker M,
Dahourou GA, Batra DG, et al. Drug-resistance mechanisms
in Vibrio cholerae O1 outbreak strain, Haiti, 2010. Emerg Infect
Dis. 2011;17:2151-4. https:/ / doi.org/10.3201/eid1711.110720
Kim HB, Wang M, Ahmed S, Park CH, LaRocque RC,
Faruque AS, et al. Transferable quinolone resistance in Vibrio
cholerae. Antimicrob Agents Chemother. 2010;54:799-803.
https://doi.org/10.1128 / AAC.01045-09

Jubair M, Morris JG Jr, Ali A. Survival of Vibrio cholerae in
nutrient-poor environments is associated with a novel
“persister” phenotype. PLoS One. 2012;7:e45187.
https://doi.org/10.1371/journal.pone.0045187

Haiti Libre. Haiti — FLASH: first effect of Hurricane Fiona
on Haiti [cited 2023 Aug 29]. https:/ /www haitilibre.com/
en/news-37687-haiti-flash-first-effect-of-hurricane-fiona-on-
haiti.html

United Nations. “Violent civil unrest” in Haiti hampers

aid delivery, 16 Sep 2022 [cited 2023 Aug 29].

https:/ /news.un.org/en/story/2022/09/1126861

The Guardian. They have no fear and no mercy: gang rule
engulfs Haitian capital, 18 Sep 2022 [cited 2023 Aug 29].
https:/ /www.theguardian.com/world /2022/sep/18/
haiti-violence-gang-rule-port-au-prince

Ali M, Emch M, Park JK, Yunus M, Clemens J. Natural
cholera infection-derived immunity in an endemic

setting. ] Infect Dis. 2011;204:912-8. https:/ /doi.org/10.1093/
infdis/jir416

Kirpich A, Weppelmann TA, Yang Y, Ali A, Morris JG Jr,
Longini IM. Cholera transmission in Ouest Department of
Haiti: dynamic modeling and the future of the epidemic.
PLoS Negl Trop Dis. 2015;9:e0004153. https:/ /doi.org/
10.1371/journal.pntd.0004153

Kirpich A, Weppelmann TA, Yang Y, Morris ]G Jr,

Longini IM Jr. Controlling cholera in the Ouest

Department of Haiti using oral vaccines. PLoS Negl Trop
Dis. 2017; 11:e0005482. https:/ /doi.org/10.1371/journal.
pntd.0005482

Sévere K, Rouzier V, Anglade SB, Bertil C, Joseph P,
Deroncelay A, et al. Effectiveness of oral cholera

vaccine in Haiti: 37-month follow-up. Am ] Trop Med Hyg.
2016;94:1136-42. https:/ / doi.org/10.4269/ ajtmh.15-0700
Pape JW, Rouzier V. Embracing oral cholera vaccine — shift-
ing response to cholera. N Engl ] Med. 2014;370:2067-9.
https://doi.org/10.1056/ NE]Mp1402837

Ratnayake R, Finger F, Azman AS, Lantagne D, Funk S,
Edmunds W], et al. Highly targeted spatiotemporal
interventions against cholera epidemics, 2000-19: a

scoping review. Lancet Infect Dis. 2021;21:37-48.
https://doi.org/10.1016/S1473-3099(20)30479-5

Address for correspondence: J. Glenn Morris Jr., Emerging

Pathogens Institute, University of Florida, 2055 Mowry Rd,
Gainesville, Florida 32610-0009, USA; email: jgmorris@epi.ufl.edu

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 29, No. 10, October 2023



Treponema pallidum Detection
at Asymptomatic Oral, Anal,
and Vaginal Sites in Adults
Reporting Sexual Contact with
Persons with Syphilis

Ei T. Aung, Christopher K. Fairley, Deborah A. Williamson, Francesca Azzato,
Janet M. Towns, Rebecca Wigan, Eric P.F. Chow,! Marcus Y. Chen?

We investigated Treponema pallidum PCR positivity at
mucosal sites (oral, anal, and vaginal sites) among adults
who had sexual contact with a person with syphilis (syphi-
lis contacts). All syphilis contacts had oral rinse and swab
samples collected for testing. Men who have sex with men
had anal swab and women had vaginal swab samples col-
lected for testing, regardless of the presence of lesions.
Of 407 persons tested, 42 (10%) had early syphilis diag-
nosed; of those, 19 (45%) tested positive by PCR from any
anatomic site and had a positive serologic test. T. pallidum
was positive from vaginal samples in 3 women, anal sam-
ples in 3 men, and oral cavity samples in 2 women and
3 men, without symptoms at those sites. Three women
had no prior syphilis serologic test. T. pallidum detection
at asymptomatic mucosal sites suggests early syphilis in-
fections, particularly in cases that would conventionally be
staged as latent syphilis of unknown duration.

yphilis, caused by Treponema pallidum, results in

substantial disease and death if left untreated. The
World Health Organization (WHO) estimated a global
burden of 6 million new syphilis infections in 2018, and
syphilis remains a major public health challenge (1).
High incidence of syphilis continues to persist among
men who have sex with men (MSM) in high-income
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countries (2,3). Increases in syphilis among hetero-
sexual populations and congenital syphilis have also
been reported in many countries, including Austra-
lia (4). Early detection and treatment are essential in
reducing the infectious period and transmission. De-
veloping interventions aimed at improving syphilis
control, including methods that can detect syphilis
infection as early as possible, is essential.

To identify early syphilis infection, persons who
are atrisk for syphilis infection should undergo screen-
ing. The conventional method for syphilis screening
involves serologic testing, which consists of detecting
T. pallidum antibodies by using T. pallidum-specific
and nonspecific tests (5,6). However, a challenge with
this method is the window period between the infec-
tion onset and the appearance of antibodies in very
early syphilis, which can lead to a negative serologic
result during that period, causing the infection to go
undetected. Moreover, the sensitivity and specific-
ity of T. pallidum-specific and -nonspecific serologic
tests for syphilis vary by stages of infection (7,8). For
example, T. pallidum-nonspecific tests are less sensi-
tive in detecting primary syphilis (62%-78%) than in
detecting secondary syphilis (97%-100%) (7). T. palli-
dum-specific tests such as immunoassays have a wide
range of sensitivities for detecting primary syphilis
(78%-96%), varying according to the specific immu-
noassay used (9). Furthermore, those T. pallidum-
specific immunoassays demonstrate persistent pres-
ence of treponemal antibodies in patients previously
treated for syphilis (9), which can sometimes pose
challenges in identifying a very early new syphilis in-
fection when treponemal antibodies are present and

These senior authors contributed equally to this article.
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T. pallidum-nonspecific tests are nonreactive. There-
fore, laboratory methods that can enhance detection
of very early syphilis infections are needed.

Nucleic acid amplification tests (NAATs) such
as PCR for T. pallidum have been shown to be high-
ly sensitive for the detection of primary syphilis
lesions (10-14), showing sensitivity ranging from
80% to 95% (13-17). Recent studies have shown T.
pallidum is detectable by PCR not only from prima-
ry syphilis lesions at genital sites but also from oth-
er sites and sample types, including the anal canal,
oral cavity, saliva, and urine (14,18-23). A study
from the Netherlands detected T. pallidum by PCR
in various mucosal tissues and body fluids in the
early stages of syphilis, even in the absence of le-
sions (20). Those findings indicate that PCR can de-
tect T. pallidum in the early stages of syphilis, with
or without lesions at various mucosal sites. Conse-
quently, PCR may be useful in detecting syphilis in
asymptomatic persons at high risk before serocon-
version takes place.

In this study, we undertook PCR testing for T. pal-
lidum from adults who reported sexual contact with a
person with syphilis by using oral, vaginal, and anal
samples, even when symptoms and signs of syphilis
were not reported from those sites. We hypothesized
that some of those persons would have very early
syphilis infection and T. pallidum would be detectable
from those sites in the absence of lesions. We sought
to determine whether PCR detection at those loca-
tions might precede the appearance of syphilis anti-
bodies on serologic testing.

Methods

In this cross-sectional study, we included men and
women who reported sexual contact with a person
with syphilis infection (hereafter, syphilis contacts),
provided consent to having PCR testing for syphi-
lis, and visited the Melbourne Sexual Health Centre
(MSHC) during November 2018-March 2020. The
study was approved by the Alfred Hospital Eth-
ics Committee, Melbourne, Australia (project no.
474/18). MSHC is a public sexual health and HIV
clinic in the state of Victoria, Australia, and provides
~50,000 consultations/year. The clinic has an elec-
tronic medical record system that stores demographic
and epidemiologic data.

Clients seeking care at the clinics were evaluated
by a nurse after their registration. The nurse typically
collects a brief account of the clients’ current condition
and adds this information to their medical records be-
fore assigning them to healthcare professionals. Per-
sons who had been in sexual contact with someone
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diagnosed with syphilis were identified on the ba-
sis of their own report. Those persons were notified
about their exposure through either anonymous text
messages or direct communication from the persons
who had been in contact with them.

Contacts of syphilis were provided with a plain-
language participant information sheet explaining
PCR testing from mucosal sites. Verbal consent was
obtained from those who agreed to have the T. pal-
lidum PCR tests from the mucosal sites. The clinicians
collected oral swab samples (all participants), anal
swab samples (MSM only), and vaginal swab samples
(women only) by using the Universal Transport Me-
dium swab (Copan ltalia, https:/ /www.copangroup.
com) for T. pallidum PCR testing. Participants also
self-collected an oral rinse by gargling 10 mL of sterile
water for T. pallidum PCR (i.e., mucosal screening PCR
tests). T. pallidum PCR testing also was performed on
swab samples taken from any syphilis lesions present
(i-e., lesion PCR tests).

Participants who reported having symptoms sug-
gestive of syphilis, such as anogenital or oral lesions,
were examined by the clinician at the respective sites,
and swab samples were taken from any lesion for
T. pallidum PCR testing. Vaginal examinations were
performed by using speculum if a woman reported
any genital lesions or symptoms, and anoscopic ex-
amination was performed where a participant report-
ed an anorectal lesion. Whether or not a participant
required vaginal speculum or anoscopic examina-
tion was a decision made by the clinician on clinical
grounds. We collected data on clinical examination
findings retrospectively.

All participants had syphilis serologic testing
performed and were offered syphilis treatment with
intramuscular benzathine penicillin (2.4 mU single
dose) or doxycycline (100 mg 2x/d for 2 weeks) for
those with penicillin allergy. The participants were
offered routine chlamydia and gonorrhea testing ac-
cording to sexual transmitted infection (STI) testing
guidelines depending on their sexual risk (25,26). If
persons were diagnosed with syphilis infection and
considered to have latent syphilis of unknown dura-
tion, they were asked to return for further treatment
with a total of 3 doses of weekly benzathine penicil-
lin (or 4 weeks of doxycycline for those with penicil-
lin allergy).

We defined MSM as men who have sex with men
or with transwomen and bisexual as either men or
women who had sex with both men and women (in-
cluding transgender persons). We defined heterosex-
ual as either men or women who had sex only with
the opposite sex. We defined sexuality on the basis of
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self-reported sexual practice in the last 12 months and
not on sexual identity.

E.T.A. reviewed medical records to capture infor-
mation on types of partners (regular vs. casual), type
of sex (anal, vaginal, or oral sex), condom use (con-
domless vs. with condoms), and signs and symptoms
of syphilis at consultation. The information on types
of partners was self-reported, and no formal defini-
tion of regular and casual partners was used in the
study. Some participants might have defined regular
partners as romantic partners (e.g., boyfriends or hus-
bands) or casual sexual partners as regular contacts
without romantic attachment (24).

Laboratory Methods

We tested specimens at the Victorian Infectious Dis-
eases Reference Laboratory (VIDRL; Melbourne,
VIC, Australia), by using a TagMan real-time PCR
(ThermoFisher, https:/ /www.thermofisher.com) tar-
geting the polA gene of T. pallidum (15). We extract-
ed DNA by using the Quick DNA/RNATM Mag-
Bead Extraction kit (Zymo Research, https://www.
zymoresearch.com) on the Tecan Freedom EVO 100
automated system (Tecan, https://lifesciences.tecan.
com). The PCR was designed at VIDRL by using the
Primer Express software program (ThermoFisher,
https:/ /www .thermofisher.com), and the details of
the T. pallidum PCR testing are described elsewhere
(15). For a positive T. pallidum PCR sample, we re-
ported a cycle threshold, which reflects the amount of
nucleic acid in the sample.

We assessed serologic testing for syphilis by
using a chemiluminescence immunoassay (CLIA)
(DiaSorin, https://www.diasorin.com) and then
confirmed results by using T. pallidum Particle Ag-
glutination assay (TPPA) (https://www.fujirebio.
com) and Rapid Plasma Reagin (RPR) (Becton Dick-
inson, https:/ /www.bd.com). We performed routine
screening for chlamydia and gonorrhea with NAAT
by using Hologic Panther System Aptima Combo 2
assay (Hologic https://www.hologic.com) on the
urine samples, vaginal swab samples, pharyngeal
swab samples, and anal swab samples. We performed
those screenings in line with MSHC testing guidelines
and Australia’s STI guidelines (25,26). We obtained
separate anal and oral swab samples for T. pallidum
PCR and chlamydia and gonorrhea testing. We tested
for herpes simplex virus from genital lesions by us-
ing an in-house TagMan real-time PCR, targeting the
glycoprotein B gene. We tested for Mycoplasma genita-
lium by using the ResistancePlus MG Assay (SpeeDx,
https:/ / plexpcr.com). We performed HIV screening
by using the DiaSorin Liaison XL Murex HIV Ab/Ag
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chemiluminescence immunoassay (4th generation)
and confirmed results by using Western blot.

Identifying of Syphilis Cases

We identified all new syphilis cases by using labora-
tory classifications for early infectious syphilis and la-
tent syphilis from the Australia Department of Health
and the US Centers for Disease Control and Preven-
tion (27,28). Of note, early latent syphilis in Austra-
lia is defined as syphilis infection acquired within
the previous 24 months with no clinical evidence of
syphilis (28). Staging of syphilis was undertaken by
a senior sexual health physician, who determined the
staging on the basis of the medical record and labo-
ratory results, including results from external health-
care services.

Statistical Analysis

We reported categorical variables as frequencies and
percentages and continuous variables as medians and
interquartile ranges (IQRs). We defined syphilis diag-
nosis as testing positive by T. pallidum PCR, serologic
testing, or both. We calculated 95% Cls for syphilis di-
agnoses by using a binomial proportion CI. The study
was stopped in March 2020 because of the COVID-19
pandemic. We performed all analyses by using Stata
version 16 (StataCorp LLC, https:/ /www.stata.com).

Results

A total of 407 contacts had >1 specimen for PCR
screening (oral and anal in MSM, oral in heterosexual
men, and oral and vaginal in women). Of the 407 con-
tacts, 339 were MSM, 22 were heterosexual men, 20
were heterosexual women, 1 was a bisexual woman,
and 25 were bisexual men. Among the contacts living
with HIV (16%, n = 67), most were MSM (94%, n = 63);
one third of contacts (33%, n = 134) were using HIV
preexposure prophylaxis. One fifth of the contacts
(20%, n = 85) had a history of syphilis infection, and
a small number (9%, n = 35) reported ever injecting
drugs. The median age of the syphilis contacts was 32
years (IQR 27-40 years).

Nearly half (47%, n = 193) of the contacts report-
ed having a casual partner as their syphilis contact,
whereas 35% (n = 144) reported a regular partner as
the contact. Most (71%, n = 290) contacts reported
condomless sex during anal or vaginal sex, and 17%
(n = 69) had signs or symptoms suggestive of syphilis
(Table 1).

A total of 42 contacts (10%, 95% CI 8%-14%) had
syphilis infection diagnosed (case-patients) (Figure).
Of those, 33 were MSM, 5 were women, 2 were het-
erosexual men, and 3 were bisexual men. Syphilis
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Table 1. Possible syphilis symptoms described by 69 patients in retrospective study of men and women who visited the Melbourne
Sexual Health Centre, Melbourne, Victoria, Australia, during November 2018—March 2020*

Symptom

No. patients

Oral symptoms, n = 15
Oral ulcers: mouth ulcers, gum ulcers, tongue ulcerst
Lip sores or ulcers

11
4

Anal symptoms, n = 18
Anal or perianal ulcers/blisters/lesions, painful and painless
Anal lump
Anal or perianal rash, red rash
Anal pain: severe, discomfort, associated with mucous discharge
Tenesmus
Anal itcht

PN RPN

Penile or genital symptoms, n =17
Penile lesions/sores on glans penis, foreskin
Penile rash, including red spots, pimple-like
Penis lump
Scrotal lump and rash, flaky skint

NN 01 o

Nonorogenital symptoms, n = 18
Body rash: torso, back, flank, palms, solesf
Rash/sores on shin, leg, thigh
Lump on eyelid, conjunctivitis

=
N A

Systemic symptoms, n = 21
Headache
Fever, including night sweats, chills
Fatigue/lethargy
Influenza-like symptoms, unwell, sore throat
Blurred vision
Tinnitus
Swollen lymph nodes: groin, submental

NEFENONOOW

*Some participants presented with >1 symptom, and therefore, the total would not add up to 69.
1The participant had tongue ulcer, flaky skin on scrotum and itchy anus with PCR positive test results from tongue, scrotum, and anus.

FSome descriptions include spots, itchy papules, and red patches.

was detected by positive serologic testing alone in
the absence of positive PCR in 21 cases (50%, 95% CI
34%-66%). Nineteen cases (45%, 95% CI 30%-61%)
were detected by positive serologic tests together
with positive T. pallidum PCR; 9 of those case-pa-
tients had T. pallidum detected by PCR from >1 mu-
cosal sites (oral, anal, or vaginal) in the absence of le-
sions at these sites (Table 2). The remaining 10 of the
19 case-patients had signs and symptoms suggestive
of syphilis and were T. pallidum-positive from mu-
cosal sites, lesions sites, or both (Table 3). Of the 42
syphilis case-patients, 2 had T. pallidum PCR detect-
ed from penile lesions with a negative serologic test.
Because those 2 case-patients had T. pallidum PCR
detected only from lesion PCR tests, they are not dis-
cussed further.

Syphilis Cases Detected by T. pallidum PCR

and Serologic Testing

Among the 9 asymptomatic case-patients (i.e., PCR
positive and no visible lesions), 4 were women, 4
were MSM, and 1 was a bisexual man. The median
age was 27 years (IQR 24-31 years). T. pallidum PCR
was detected from >1 of the mucosal screening PCR
tests (58% [95% CI 37%-78%], 14/24): oral swab, oral
rinse, anal swab, or vaginal swab (Table 2). The RPR
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titer ranged from nonreactive to 1:256 (median RPR
1:32, IQR 1:8-1:128).

Among the 10 symptomatic case-patients (i.e.,
PCR positive and visible lesions), 1 was a woman, 8
were MSM, and 1 was a bisexual man. The median
age was 32 years (IQR 24-39 years). In this group,
69% (95% CI 52%-83%, 27/39) of T. pallidum PCR
specimens were positive from the mucosal screening
PCR tests, the lesion PCR tests, or both. The RPR ti-
ter ranged from 1:32 to 1:256 (median RPR 1:64, IQR
1:32-1:128) (Table 3). Of the 10 symptomatic case-
patients, 7 had positive PCR from mucosal screening
sites with or without positive PCR from lesion sites.
Among these 7 case-patients, 5 had positive PCR only
from mucosal screening sites; 3 had signs and symp-
toms of secondary syphilis. Two case-patients had
positive PCR from both mucosal screening sites and
lesion sites (Table 3).

Syphilis Cases Detected by Positive Serologic

Tests in the Absence of T. pallidum PCR Detection
Twenty-one case-patients had positive syphilis sero-
logic tests but no positive T. pallidum screening results
(lesion PCR was not performed) (Table 4). This group
included 19 MSM, 1 heterosexual man, and 1 bisexual
man. The median age in this group was 33 years (IQR
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Figure. Flowchart of syphilis
infections among men and
women who had contact with
persons who had syphilis,
categorized by positive PCR
and serologic test results
and presence or absence of
symptoms, in retrospective
study of patients who visited
the Melbourne Sexual Health
Centre, Melbourne, Victoria,
Australia, during November
2018—March 2020.

28-40 years). Most (86%, 18/21) were asymptomatic
for syphilis except 3 case-patients. Two men with
symptoms had secondary syphilis diagnosed and had
a generalized body rash. One man with symptoms
had a headache and blurred vision, consistent with
symptoms of neurosyphilis, and a resolving body
rash. T. pallidum lesion PCR tests were not performed
on the 3 men with symptoms. The RPR titer ranged
from nonreactive to 1:128 (median RPR 1:4, IQR non-
reactive to 1:32).

Positivity of T. pallidum PCR

The positivity of T. pallidum PCR from the mucosal
screening tests (oral, anal, and vaginal sites) was 3%
(95% C12%-5%; n = 24) from 776 specimens, whereas
the positivity from the suspected syphilis lesions was
16% (95% CI17%-30%; n = 8) from 50 specimens tested
from various sites, such as the penis, perianal, scro-
tum, and tongue (Table 5). The concordance of oral
rinse (2%, 8/387) and oral swab (3%, 11/352) PCR
was 99% (n =352/355).

Table 2. Characteristics of 9 syphilis patients without signs or symptoms of syphilis who had PCR detection of Treponema pallidum
from oral, anal, or vaginal sites in retrospective study of men and women who visited the Melbourne Sexual Health Centre, Melbourne,

Victoria, Australia, during November 2018—March 2020*

Mucosal PCR sites

Previous

Group by HIV/Pr (value if positivet) Serologic test results serologic test

sexual EP Signs on Oral Current RPR  Previous syphilis results (RPR titer ~ Staging of
practice status _examination cavity Vagina _Anal titer serologic test if reactive) syphilis
Womani Neg No - +(31) ND 1:8 8y Negative Primary
Womang Neg ND - + (36) ND 1:2 None NA Primary
Womani Neg No +(33) ND ND 1:1281 None NA Primary
Womani Neg ND +(32) +(37) ND 1:16 None NA Early latent
Bisexual man  Neg ND - NA +(35) Nonreactive# 8 mo Negative Early latent
MSM Neg No - NA + (26) 1:32 12 mo Negative Early latent
MSM HIV No +(30) NA - 1:2561 10 mo +(1:8) Primary
MSM HIV No + (36) NA - 1:1281 10 mo Negative Primary
MSM PreP No + (36) NA +(32) 1:32 2 mo Nonreactive Primary

*MSM, men who have sex with men; NA, not applicable; ND, not done; neg, HIV-negative and not taking PrEP; PrEP, preexposure prophylaxis for HIV;
RPR, rapid plasma reagin; woman, heterosexual woman; —, negative by T. pallidum PCR; +, positive by T. pallidum PCR.

tCycle threshold value of T. pallidum PCR.

$The regular partners (of >1 year duration) had early syphilis (primary and secondary) diagnosed.

8The casual partner had secondary syphilis diagnosed.

fThese 3 patients had high RPR titers with oral PCR detection. We attribute oral PCR detection to shedding after dissemination of T. pallidum on the
basis of the high RPR titer, although this finding could be attributable to occult lesions in the oral cavity.
#Positive T. pallidum-specific antibodies and nonreactive RPR with negative T. pallidum—specific antibodies 8 months prior.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023
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Table 3. Characteristics of 10 syphilis patients with signs and symptoms of syphilis who had a positive serologic test and Treponema
pallidum PCR detection from mucosal sites or lesion sites in retrospective study of patients who visited the Melbourne Sexual Health
Centre, Melbourne, Victoria, Australia, during November 2018—March 2020*

Mucosal PCR sites Previous
(value if positivet) Serologic test results serologic
Group by  HIV/Pr Lesion PCR Previous test results
sexual EP Signs on Oral sites (value if ~ Current syphilis (RPR titer if Staging of
practice status  examination cavity Vagina Anus positiveT) RPR titer serologic test  reactive) syphilis
Woman Neg Oral ulcers  + (36) - - 1:64 24 mo Negative Primary
MSM Neg Tender anal - NA  +(30) 1:16 3 wks 1:1 Primary
ulcers

MSM HIV Torso and +(31) NA +(30) 1:64 5 mo Nonreactive Secondary

hand rash
MSM Prep Torsorash, +(34) NA +(30) 1:128 2 mo Nonreactive Secondary

penis and

perianal rash
MSMZ$ Neg Maculopapular  — NA  +(26) 1:256 12 mo Unknown  Secondary
rash on torso

and soles

MSMZ$ Neg Ulcer on +(32) NA +(36) Tongue, + (30); 1:32 26 mo Unknown Primary
tongue, scrotal scrotum, + (39)
rash

MSM HIV Penile ulcer +(34) NA +(40) Penis, + (34) 1:128 4 mo Negative Primary
Bisexual Neg Penile ulcers - NA - Penis, + (38) 1:32 15 mo Negative Primary
man
MSM HIV  Penile ulcers, - NA - Penis, + (36) 1:64 12 mo Negative  Secondary

torso rash
MSM HIV Palms and - NA - Penis, + (36) 1:128 16 mo 1:1 Secondary

feet rash, scrotum, —;

ulcers on palms, —; soles,

penis, and -

nodules on

scrotum

*MSM, men who have sex with men; NA, not applicable; ND, not done; neg, HIV negative and not taking PrEP; PrEP, preexposure prophylaxis for HIV;
RPR, rapid plasma reagin; woman, heterosexual woman; —, negative by T. pallidum PCR; +, positive by T. pallidum PCR.

TCycle threshold value of T. pallidum PCR.

fThese 2 patients had syphilis treated at other clinics previously, but the exact RPR at that time is unknown.

Presence or Absence of Signs and Symptoms

of Syphilis

Among 338 asymptomatic contacts, 8% (27, 95% Cl
5-11) had syphilis infection diagnosed on the basis
of positive serologic tests with or without positive
T. pallidum PCR results. Of the 338 contacts, 56%
(180/338) received an examination. Among 69 con-
tacts with signs and symptoms of syphilis, 22% (15,
95% CI 13-33) had syphilis infection diagnosed on
the basis of positive serologic tests, positive T. pal-
lidum PCR, or both.

Co-infection with Other STls

A total of 32 contacts (8%, 32/407) had >1 STI other
than syphilis diagnosed. All of them were MSM,
and among them, 6 had syphilis diagnosed. Five
had syphilis diagnosed on positive PCR and se-
rologic testing, whereas 1 had syphilis diagnosed
on a positive serologic test alone. Among the 32
contacts, 17 were positive for chlamydia, and 12
contacts were positive for gonorrhea. Five con-
tacts were positive for Mycoplasma genitalium infec-
tion, and 2 contacts tested positive for anal herpes
simplex virus. Among the STIs other than
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syphilis, anorectal chlamydia was the most com-
mon infection (n = 15).

Discussion

In this study of men and women reporting sexual
contact with a person with syphilis, we did not iden-
tify any persons with PCR detection of T. pallidum
from oral, anal, or vaginal sites where serologic
testing was negative, indicating that using PCR for
screening of syphilis contacts at mucosal sites might
not provide any additional benefit over existing
syphilis screening using serologic testing. How-
ever, we found a proportion of men and women
who tested positive for T. pallidum by PCR from the
oral cavity, anus, or vagina in the absence of signs
or symptoms of syphilis at those sites or elsewhere.
In some cases, serologic testing for syphilis was
positive in the absence of negative serologic testing
within the previous 2 years. Those persons would
conventionally be staged as having latent syphilis of
unknown duration, and they probably were treated
for possible late latent infection. However, detec-
tion of T. pallidum by PCR from oral, anal, or vaginal
sites, in conjunction with the syphilis contact status,
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suggests that those infections probably were early
asymptomatic infections.

The findings indicate that PCR-based testing for
T. pallidum at mucosal sites may be useful in assisting
with staging of syphilis infection. Consequently, this
approach could provide guidance to clinicians and
patients regarding treatment duration. Furthermore,
T. pallidum PCR testing at mucosal sites has the poten-
tial to aid in partner notification, particularly in cases
where an early infectious syphilis is diagnosed and
the duration of infection is uncertain. T. pallidum PCR
may complement current methods of staging, which
rely on various factors, including the presence of signs
of early syphilis, the patient’s history of syphilis and
treatment, sexual history (including contact with a
partner with syphilis infection), and past and current
laboratory results (including serologic testing and di-
rect detection methods using molecular assays).

We identified several asymptomatic women
who had positive syphilis serologic testing and PCR
detection of T. pallidum from the mucosal screening
sites (the vagina, oral cavity, or both). Those wom-
en had never been serologically tested for syphilis
before or had been tested >2 years previously. We

T. pallidum at Asymptomatic Sites in Adults

also identified several asymptomatic MSM who had
positive syphilis serologic testing and PCR detection
of T. pallidum from the anus, oral cavity, or both. In
contrast to the women, all those men had been se-
rologically tested for syphilis within the previous
2 years. The difference in serologic testing between
women and men reflects frequent serologic screen-
ing for syphilis being well established among MSM
in Australia but less so among women in urban cen-
ters because syphilis has only emerged as a major
public health concern among women in that setting
in recent years.

Several studies have examined the role of NAAT
in syphilis screening (20,29). A US study compared the
use of transcription-mediated amplification (TMA)
assay performed on rectal and pharyngeal mucosa
in MSM with routine serologic testing and found 2
additional syphilis cases diagnosed on TMA testing
before positive serologic testing (29). Patients in both
cases had TMA detection in rectal swabs: 1 did not
have symptoms, and the other had anal symptoms. In
contrast, our study did not identify syphilis cases di-
agnosed on T. pallidum PCR from mucosal sites before
positive serologic testing.

Table 4. Characteristics of 21 syphilis patients with positive serologic tests in the absence of PCR detection from mucosal sites or
lesion sites in retrospective study of patients who visited the Melbourne Sexual Health Centre, Melbourne, Victoria, Australia, during

November 2018—March 2020*

Previous Previous serologic
Group by sexual  HIV/PrEP  Signs and symptoms of Current RPR syphilis test result (RPR
practice status syphilis titer serologic test titer if reactive) Staging of syphilis
MSM Neg No 1:4 8 mo Nonreactive Early latent
MSM+t PrepP No Nonreactive 18 mo Nonreactive Early latent
MSM PreP No Nonreactive 10 mo Negative Early latent
MSM PrepP Not examined Nonreactive 3 mo Negative Early latent
MSM Neg No 1:16 5mo Nonreactive Early latent
MSM HIV No Nonreactive 6 mo Negative Early latent
MSM PrepP No 1:128 4 mo Negative Early latent
MSM Neg No 1:32 12 mo Negative Early latent
MSM Neg Not examined 1:64 4 mo Negative Early latent
MSM HIV Not examined 1:64 1 mo Negative Early latent
MSM PreP Not examined 1:4 8 mo 1:1 Early latent
Heterosexual man Neg Not examined 1:8 8 mo Negative Early latent
Bisexual man Neg Macular rash on palms 1:32 None None Secondary
MSM Neg Rash/papules on penis, 1:32 14 mo Nonreactive Secondary
maculopapular rash on
hands and back

MSM PrepP Not examined Nonreactive 11 mo Negative Early latent
MSM§ Neg Blurred vision and 1:64 19 mo Negative Secondary/

headache, Resolved body neurosyphilis

rash before presentation
MSM HIV Not examined 1:4 3 mo Nonreactive Early latent
MSM PrepP No Nonreactive 6 mo Negative Early latent
MSM$ Neg No 1:2 None None Late latent
MSM PrepP Not examined Nonreactive 1mo Negative Early latent
MSM HIV Not examined 1:32 2 mo Nonreactive Early latent

*MSM, men who have sex with men; neg, HIV negative and not taking PrEP; nonreactive, nonreactive RPR; PrEP, preexposure prophylaxis for HIV;

RPR, rapid plasma reagin.

tIgM was reactive on serologic test.
fTreated for late latent syphilis.
§Subsequently had neurosyphilis diagnosed.
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Table 5. Patients testing positive on Treponema pallidum PCR at mucosal screening sites and lesion sites in retrospective study of
patients who visited the Melbourne Sexual Health Centre, Melbourne, Victoria, Australia, during November 2018—March 2020

Sites tested by T. pallidum PCR No. tested No. (%) positive by T. pallidum PCR
Mucosal sites* 776 24 (3.0)
Oral cavityt 405 12 (3.0)
No oral symptoms 339 8(2.4)
Oral symptoms present 66 4 (6.1)
Anal swab 352 9(2.6)
No anal symptoms 291 4 (1.4)
Anal symptoms present 61 5(8.2)
Vaginal swab 19 3(13.6)
No vaginal symptoms 18 3 (16.7)
Vaginal symptoms present 1 0
Lesion sitest 50 8 (16.0)
Penile swab 23 6 (26.0)
Other sites (perianal: 13) 27 2§ (7.4)

*Oral cavity, anus, and vagina.

tSpecimens tested from oral cavity were oral swab, oral rinse, or both. Oral swab was positive in 11/352 (3%) samples. Oral rinse was positive in 8/397

(2%) samples.

FPenis, perianal, labia, mouth ulcer, palms, soles, pubic, right groin, scrotum, and tongue.

§Positive PCR from specimens tested at tongue and scrotum.

In our study, we found that 40% of the 42 con-
firmed early syphilis cases among men and women
had PCR detection of T. pallidum from >1 of the mu-
cosal sites (oral, anus, and vagina), with or without
lesions at these sites. Of note, we show PCR detec-
tion of T. pallidum in asymptomatic women. T. pal-
lidum detection by PCR in women has been shown
in other studies but predominantly from genital le-
sions (16,30-32). The presence of T. pallidum at those
mucosal sites may represent the site of inoculation
(and hidden primary lesions) or dissemination from a
distant site (19). Several other recent studies showed
that T. pallidum can be detected from the oral cavity or
anus of men and women with early syphilis infection
(18-23). Detection of T. pallidum by PCR was reported
in #24% of 200 MSM with confirmed early syphilis in-
fection with or without lesions at the oral cavity and
anus (18). Those studies suggest that syphilis prob-
ably is infectious from oral, anal, and vaginal sites in
the absence of local signs and symptoms.

The first limitation of our study is that it was
terminated prematurely because of the COVID-19
pandemic, which limited the sample size. The num-
ber of women in the study was small because the
clinic population was predominantly male, and
fewer women attended. The sexual partners report-
ed by contacts might not have actually had syphilis,
given that we were unable to confirm their diagno-
sis; if so, we may have overestimated syphilis in-
fections in this study group. Not all contacts who
self-reported that they were asymptomatic had ex-
amination of oral, vaginal, and anal sites by the cli-
nician (46% did not undergo examination), which
could have led to occult lesions at those sites being
missed. The T. pallidum PCR we used might have
lower sensitivity than other T. pallidum molecular
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assays, such as TMA, resulting in a lower number
of PCR-positive mucosal screening tests (29,33).
Further, current data are not sufficient to indicate
that T. pallidum PCR positivity at a mucosal site is a
proof of early syphilis infection. T. pallidum might
reflect contamination from very recent sexual inter-
course with a person with syphilis infection, such
as residual semen at the mucosal site.

Overall, we conclude that T. pallidum PCR screen-
ing from mucosal sites (oral, anus, and vagina) may
not have added benefit over screening using serologic
testing. It may, however, have a role in assisting with
syphilis staging, particularly in the absence of syphi-
lis lesions. A positive PCR result from asymptomatic
mucosal sites may help identify early infections in
persons who would otherwise be classified as having
latent syphilis of unknown duration. However, such
an interpretation requires a correlation with addi-
tional sexual behavioral information and the broader
clinical context. T. pallidum PCR screening at mucosal
sites may be especially relevant in populations that
do not undergo regular syphilis screening with sero-
logic testing.
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etymologia revisited

[plag]

Plague

lague (from the Latin plaga, “stroke” or “wound”) infections are

believed to have been common since at least 3000 BcE. Plague is
caused by the ancestor of current Yersinia (named for Swiss bacte-
riologist Alexandre Yersin, who first isolated the bacterium) pestis
strains. However, this ancestral Y. pestis lacked the critical Yersinia
murine toxin (ymt) gene that enables vectorborne transmission. After
acquiring this gene (sometime during 1600-950 scE), which encodes
a phospholipase D that protects the bacterium inside the flea gut,
Y. pestis evolved the ability to cause pandemics of bubonic plague.
The first recoded of these, the Justinian Plague, began in 541 Ace and
eventually killed more than 25 million persons.
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Managing Risk for
Congenital Syphilis, Perth,
Western Australia, Australia

Hannah MacKenzie, Suzanne P. McEvoy, Timothy J. Ford

The recent resurgence of infectious syphilis across
many high-income countries has been accompanied
by a shift in demographics, including infections increas-
ing among women of reproductive age. Consequently,
several high-income countries are reporting increasing
cases of congenital syphilis, a disease associated with a
range of health and social consequences and a disease
that is treatable, is preventable, and could be eliminated.
To prevent congenital syphilis in the large cosmopolitan
city of Perth, Western Australia, Australia, multilevel co-
ordinated action was undertaken, including increased
frequency of syphilis screening of pregnant women,
workforce education and community engagement, regu-
lar interagency meetings to manage syphilis during preg-
nancy, use of a dynamic electronic syphilis register, use
of synoptic (structured) reporting to guide management
at delivery (neonatal management plans), and congeni-
tal syphilis case reviews. Other jurisdictions facing in-
creasing syphilis cases should consider adopting these
measures to reduce the risk for congenital syphilis.

yphilis is a highly contagious sexually transmit-

ted infection (STI) caused by Treponema pallidum,
which has substantial short- and long-term health
complications if untreated (1). The first line of treat-
ment is intramuscular injection with long-acting
benzathine penicillin, although reinfection can occur
(2). Prompt contact tracing can help reduce the risk
for reinfection and disease spread among sexually
active persons.

Congenital syphilis is caused by transplacental
T. pallidum transmission from mother to fetus during
pregnancy (1,2). It can result in a wide spectrum of
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health consequences, including miscarriage, prema-
ture birth, stillbirth, low birth weight, and perinatal
death, as well as brain, nerve, and organ damage (3-
5). Children with congenital syphilis may face long-
term disability and accompanying health, education,
and societal costs. Although vertical transmission to
the fetus can happen at any time during pregnancy,
the risk depends on the stage of maternal syphilis
and stage of gestation at which the pregnant woman
acquires the infection. Untreated, the risk for vertical
transmission is 70%-100% among women with pri-
mary or secondary syphilis, 40% for those with early
latent disease, 10% for late latent disease, and negligi-
ble for tertiary syphilis (5,6). Characteristically, preg-
nant women are screened for syphilis at their first
antenatal visit. Further testing may not occur during
pregnancy, which may result in missed new onset ill-
ness (7-9) and substantial risk to the fetus. Fortunate-
ly, congenital syphilis is preventable and treatable
(10) through timely detection, treatment, contact trac-
ing, and appropriate monitoring during pregnancy.

In 2007, the World Health Organization (WHO)
launched an initiative for the “elimination of congen-
ital syphilis as a public health problem” (11). More
recently, WHO strategic directions to reduce STIs
(12) offer guidance for the response to rising syphilis
cases: to deliver high-quality, evidence-based, peo-
ple-centered services; optimize systems, sectors, and
partnerships; generate and use data to drive decisions
for action; engage empowered communities and civil
society; and foster innovations for impact.

Of concern, cases of congenital syphilis remain
elevated in many low- and middle-income countries
and are resurging in several high-income countries
that had previously made gains toward elimination.
During the past decade, rates of infectious syphilis
have increased in Australia, the United States, Japan,
and Canada (6,13-18), accompanied by increasing
cases among women of reproductive age (6,13,15,17-
19) and cases of congenital syphilis (6,13,16,17,19,20).
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In the United States, the rate of congenital syphilis
increased annually since 2013, increasing 8-fold to
77.9/100,000 live births by 2021 (17,19). In that year,
46 states and the District of Columbia reported >1
cases of congenital syphilis (17).

In Australia, the rate of infectious syphilis cases
increased by 316%, from 5.0/100,000 population in
2010 to 20.8/100,000 population in 2020 (21). In 2011,
an outbreak mainly affecting Indigenous Australians
began in northeastern Australia (22) and then migrat-
ed across the north and into northern Western Aus-
tralia in 2014-2016 (22,23). Starting in 2012, cases of
infectious syphilis increased in major cities, initially
among men and, since 2015, among women. The rate
of infectious syphilis cases among men in Austra-
lia increased by 36% from 2016 to 2020, and the rate
among women of reproductive age rose by 109% (15).

We describe the changing demographics among
the rising cases of infectious syphilis in Perth, West-
ern Australia, Australia, and the resulting local
policy initiatives implemented to reduce the risk for
congenital syphilis, including the preliminary out-
comes of a holistic multiagency antenatal program
for pregnant women with syphilis. This information
could be applied in other jurisdictions facing a re-
surgence of syphilis, particularly those with similar
socioeconomic profiles.

Setting

Perth, population ~2.1 million, is the capital city of the
state of Western Australia, located on the southwest-
ern coast of Australia. The city is culturally diverse;
2% of residents are Indigenous Australians, 60.9%
of residents have >1 parent born overseas, 40.5% of
residents were born overseas, and a non-English lan-
guage is used in 23.7% of households. The median
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weekly household income in Perth (Australian dol-
lars) is $1,865, which is above the national equivalent
($1,746) (24).

In Western Australia, under Public Health Act
2016, syphilis of all stages and congenital syphilis
are notifiable to the Western Australia Department of
Health by the medical or nurse practitioner attending
the patient and the reporting laboratory (25). Those
notifications are then assigned to the local public
health unit for follow-up and action.

Definitions

In Australia, the term culturally and linguistically
diverse (CALD) is used to describe persons and pop-
ulations with particular cultural or linguistic affili-
ations. The definition often differs according to the
indicators collected by the reporting organization
(26) but may include characteristics such as coun-
try of birth, spoken English proficiency, and main
language spoken at home (27). The term Indigenous
Australians describes Aboriginal people (descen-
dants from the original inhabitants of Australia) and
Torres Strait Islander people (from the Torres Strait
Islands, located northeast of Australia). In Western
Australia, the descendants of the original inhabit-
ants are Aboriginal people.

Infectious syphilis encompasses primary, sec-
ondary, early latent, and probable infectious syphilis.
Those stages cover up to 2 years from the putative
time of acquisition (2).

Data Sources

With approval from the corresponding data cus-
todians, we obtained data on syphilis in Perth for
2001-2021 from the Western Australian Notifiable
Infectious Diseases Database. We calculated rates by

Figure 1. Infectious syphilis
cases over time, Perth, Western
Australia, Australia, 2001-2021.
Numbers of cases were obtained
from the Western Australian
Notifiable Infectious Diseases
Database, Department of Health
Western Australia (January
2022); rates were calculated
from the Australian Bureau

of Statistics census-derived
population data from the
Epidemiology Branch, Public
and Aboriginal Health Division,
Western Australia Department of
Health (February 2023).
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Figure 2. Number of infectious
syphilis cases among pregnant
women, persons experiencing
homelessness, persons of
CALD backgrounds, Indigenous
Australians, and women of
reproductive age, Perth,
Western Australia, Australia,
2016-2021. Categories are
not mutually exclusive (e.g.,

a person may fall into >1
category). Data obtained

from the Western Australian
Notifiable Infectious Diseases
Database, Department of
Health Western Australia
(January 2022) and the
Metropolitan Communicable
Disease Control Syphilis
Register, Metropolitan
Communicable Disease
Control (January 2022). CALD,

Managing Risk for Congenital Syphilis, Perth

culturally and linguistically diverse (persons born in a country other than Australia and who speak a non-English language at home).

using the Australian Bureau of Statistics census-de-
rived population data from the Epidemiology Branch
within the Western Australia Department of Health.
We extracted data about pregnant women and per-
sons experiencing homelessness with syphilis from
the Metropolitan Communicable Disease Control
(MCDC) Syphilis Register.

Contextualizing the Policy

In Perth, the number and rate of infectious syphilis
cases have risen substantially, particularly since 2015,
reaching 22.9 cases/100,000 population in 2021 (Fig-
ure 1). From 2001 through 2005, there were very few
cases; the rate remained <0.5/100,000 population. In
2006, the rate increased to 1.8/100,000 population and
fluctuated over the next decade, reaching 5.7,/100,000
population in 2015; in this period, cases were pre-
dominantly among men who have sex with men.
From 2015 through 2021, cases of infectious syphilis
surged by 312%, coinciding with spread to the hetero-
sexual population, outbreaks in northern Australia,
the introduction and rising use of dating apps, and
reports of transactional sex for illicit drugs or accom-
modation. Cases continued to increase despite vari-
ous COVID-19 pandemic restrictions (13), as has been
observed elsewhere (17,18).

Case escalation since 2015 has been accompa-
nied by a rise in the number and proportion of cas-
es among priority populations, including women
of reproductive age and the subset who are preg-
nant, persons experiencing homelessness, persons
of CALD backgrounds, and Indigenous Australians
(Figure 2). The proportion of cases among Indigenous
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Australians has increased considerably, from 1.9% in
2016 to 15.9% in 2020 and to 11.9% in 2021.

For women of reproductive age, cases of infectious
syphilis have risen from 2.8 cases/100,000 population
in 2016 to 28.7/100,000 population in 2021. Likewise,
cases among pregnant women in Perth rose 8-fold
from 2016 through 2021, and there were 5 cases of
congenital syphilis from 2018 through 2021 and only 2
cases in the preceding 10-year period.

Establishing Priority Areas
In July 2020, the Western Australian Chief Health
Officer declared a syphilis outbreak in Perth (28),
which prompted an organized, cross-agency collab-
orative effort, including establishing the Metropoli-
tan Syphilis Outbreak Response Team (MSORT), a
multiagency team with the primary goals of con-
trolling the outbreak in Perth and preventing con-
genital syphilis. The response is underpinned by a
local action plan (28) consisting of 5 priority areas:
prevention, education, and community engagement;
workforce development; testing, treatment, and con-
tact tracing; surveillance and reporting; and ante-
natal and postnatal care (Table) (28). Although the
action plan was informed by the WHO 5 strategic
directions in relation to STIs (12), the priorities were
determined by national initiatives (29) and a local
consultation process involving stakeholders across
health sectors, including government and nongov-
ernment organizations and community health and
hospital services (30).

MSORT has been pivotal in raising awareness
about the outbreak, developing clinician alerts and
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health promotion materials, educating the work- primary health, community health services, and
force, and revising guidelines (5,31-34). Moreover, hospitals to deliver additional outreach and servic-
the local public health unit, MCDC, works closely es for priority groups, including pregnant women,
with local service providers and has helped es- Indigenous Australians, and persons experiencing
tablish multidisciplinary committees involving homelessness.

Table. Local initiatives implemented to tackle the syphilis outbreak in Perth, Western Australia, Australia®

Priority area of the Metropolitan Action
Plan (28)

Descriptions of initiatives

Prevention, education, and community
engagement

Syphilis outbreak campaigns to increase awareness among health professionals and the
community, including accessible educational resources that reduce stigma and are guided by
cultural considerations

Education of community organizations and community members (e.g., Indigenous, homeless
and CALD persons)

Education of cases and contacts by MCDC public health nurses, Indigenous health
professionals and midwife

Indigenous health team engagement and outreach with community members and persons
experiencing homelessness

Indigenous health team outreach service collaborates with other agencies (e.g., Indigenous
community health and health services for persons experiencing homelessness)

Workforce development

Establishment of MSORT, a multiagency team to lead a coordinated outbreak response
Diversification of MCDC workforce to address population and workforce needs, with a focus
on priority populations, including establishment of Indigenous health, clinical midwifery, and
general practitioner roles

Project officer employed to facilitate the development of contextualized models of care and
health promotion materials guided by stakeholder engagement for priority groups, including
CALD persons

Epidemiologist employed to help facilitate enhanced surveillance and reporting

Public health staff engaging with and delivering education to a wide range of health
professionals and services, focusing on specialty services that see high priority and/or
atypical cases

General practitioner delivering education to primary healthcare doctors and nurses

MCDC midwife providing education to health professionals in maternity services
Development of educational resources and clinician alerts to inform health professionals
Establishment of regular multiagency SIP and SAPH case management meetings to oversee
management of these priority groups

Testing, treatment and contact tracing

Template letter about syphilis treatment, partner notification and repeat testing sent to the test
requesting health professional

Evidence from the congenital syphilis case reviews informed adoption of 3-test routine
screening of all pregnant women

Frontline services engaged in case management and supporting contact tracing

Engagement with laboratories to improve timeliness of results, particularly for antenatal
requests, and changes to reporting algorithms to prevent missed notifications and diagnoses
Improved processes for ordering parallel testing when monitoring RPRs in pregnant women
Systematic approach to obtaining maternal and infant syphilis results through a reporting
protocol to the MCDC SIP team from hospital obstetric services

Surveillance and reporting

Electronic syphilis public health management register developed to meet the needs of a
syphilis outbreak, which has enabled better monitoring and identification of priority
populations, including testing, treatment, and contact tracing efforts

The register is used to generate automated reports (e.g., quarterly reports, individual
summaries for case management meetings, and synoptic reports [neonatal management
plans])

Automated alerts remind MCDC staff to confirm receipt of treatment or repeat testing for
priority cases

Antenatal and postnatal care

Local STI, antenatal and obstetric guidelines changed to recommend syphilis screening for all
pregnant women at initial visit, 28 weeks, and 36 weeks of gestation (or birth if earlier)
Proactive public health management of pregnant women with syphilis and their sexual
contacts

Monthly multiagency meetings to ensure appropriate care and follow-up of pregnant women
with syphilis

Routine synoptic reporting (neonatal management plans) to guide syphilis testing and
management of neonates and their mothers at delivery

Interagency congenital syphilis case reviews to identify gaps in service delivery and inform
service improvement

*CALD, culturally and linguistically diverse; MCDC, Metropolitan Communicable Disease Control; MSORT, Metropolitan Syphilis Outbreak Response
Team; RPR, rapid plasma reagin; SAPH, Syphilis Among People Experiencing Homelessness; SIP, Syphilis In Pregnancy; STI, sexually transmitted

infection.
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Learning from Missed Opportunities

Analyzing congenital syphilis cases can identify op-
portunities for improved processes and service deliv-
ery to prevent future cases. Each case of congenital
syphilis is a sentinel event. In Western Australia, all
cases are reviewed by a panel consisting of health
professionals and other relevant service providers
involved in the management of the mother and in-
fant (or fetus, in instances of stillbirth). The purpose
of the reviews is not to attribute blame but rather to
review the clinical and public health management of
the mother and infant to develop recommendations
and a plan for service improvement (30,35). The re-
views also provide an opportunity to increase aware-
ness and deliver education (31,35).

A public health report, which summarized 8 con-
genital syphilis cases and 1 near miss occurring across
the state of Western Australia from January 2019
through June 2021, highlighted that congenital syphi-
lis is generally not attributable to a single factor and
encompasses complex social issues, health disparity,
access difficulties, and varying levels of healthcare
(31). Of the neonates with congenital syphilis born
to women residing in Perth, the reviews identified
pregnant women who tested negative for syphilis at
their first antenatal visit but received no repeat syphi-
lis testing during the remainder of their pregnancy,
leaving infection acquisition undetected (31). In some
instances, atypical or subtle clinical manifestations of
syphilis remained undetected or misdiagnosed dur-
ing the antenatal period.

Dynamic Electronic Syphilis Register

An effective response to any disease is reliant on ef-
ficient access to an accurate and comprehensive data
surveillance system. To meet the needs of monitoring,
reporting, responding to, and managing the syphilis
outbreak, MCDC developed an electronic syphilis
public health management register. The database can
be used to review rapid plasma reagin (RPR) trends,
treatment history, and contact tracing status, includ-
ing identification of reinfections among past case-
patients and contacts named on multiple occasions.
Data completeness is supported by mandatory notifi-
cation requirements.

The register has streamlined processes for case
management, including a range of automated func-
tions to generate enhanced surveillance reports, case
summaries for meetings that include key points of
discussion, handover, and neonatal management
plans, as well as alerts for repeat testing, which trig-
ger active public health follow-up with the respon-
sible clinician. Furthermore, it enables monitoring
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of changing demographic profiles, including cases
among CALD persons, persons experiencing home-
lessness, and persons who inject drugs or engage in
transactional sex. Because cases among these popu-
lation groups can be complex, to inform resource
allocation, public health staff at MCDC review au-
tomated quarterly reports that include trends in de-
mographic profiles.

Improving Reporting and Timeliness of

Syphilis Test Results

The approach to notification of syphilis cases varied
by laboratory. Some laboratories reported all positive
syphilis test results (even if the RPR was negative),
and others reported only according to minimum
RPR cutoffs. To improve consistency for women of
reproductive age, positive syphilis serology results
regardless of the RPR are now reported by all labo-
ratories because cases of early infectious syphilis and
untreated early and late latent syphilis were occasion-
ally missed.

Efficient reporting of, and access to, syphilis re-
sults help ensure timely case management, which
is particularly valuable when managing syphilis in
pregnant women, for whom prompt diagnosis, treat-
ment, and contact tracing are pivotal for preventing
congenital syphilis. Engaging with local laboratories
to improve timeliness from specimen collection to re-
porting has led to development of an urgent syphilis
testing protocol for pregnant women who attend ma-
jor maternity hospitals and have not accessed regular
antenatal care.

Regular parallel RPR monitoring during preg-
nancy is useful for monitoring treatment response
and diagnosing reinfection. In some instances, MCDC
staff members identified delays in parallel RPR test-
ing for pregnant women with syphilis. Consultation
with local laboratories has led to a revised protocol
for this cohort to avoid preventable delays.

Workforce Development and

Community Engagement

Because syphilis is often considered to be a rare con-
dition in Australia (36), educating health profession-
als and the community of its resurgence is critical.
Health professionals need to know how to diagnose
the disease (clinical features and testing), manage cas-
es and sexual contacts, and follow current guidelines.
Local doctors and nurses have delivered education to
a wide range of healthcare professionals; efforts have
been focused on professionals who receive high-pri-
ority or atypical cases, such as dentists and oral sur-
geons, ophthalmologists, mental health professionals,
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antenatal service providers, emergency department
workers, and general practitioners.

Progressively, local frontline services have be-
come more engaged in opportunistic screening, case
management, and contact tracing. For example, op-
portunistic syphilis screening is now offered to per-
sons entering correctional facilities, and the emergen-
cy department at one tertiary hospital has established
enhanced screening practices and instigated patient
management plans.

Whenever a case of infectious syphilis is noti-
fied to MCDC, public health nurses advise healthcare
professionals over the phone and by template letter
about treatment, partner notification, and repeat test-
ing. When needed, persons with syphilis and their
sexual contacts will also be interviewed and coun-
seled. Although effective, those methods are resource
intensive and can be difficult to maintain.

The Western Australian Department of Health
has developed syphilis campaigns that have raised
community awareness of the outbreak. The cam-
paigns aim to reduce STI stigma and are guided by
cultural considerations. Educational resources and
clinician alerts for health professionals have pro-
moted the “test, treat and trace” message, the value
of additional routine testing of pregnant women, and
access to culturally guided care (34). Outgoing emails
from MCDC are accompanied by a signature block
with an embedded link to local syphilis guidelines.

To focus on local population needs, the MCDC
workforce has been expanded and includes public
health doctors and nurses, a general practitioner, a
clinical midwife, Indigenous health professionals, an
epidemiologist, and a project officer. The team has
developed effective collaborations with many local
health and community organizations and members.
The general practitioner delivers syphilis educa-
tion to primary physicians and practice nurses. The
midwife manages cases in pregnant women, liais-
ing closely with clinicians and providing education
to the pregnant women and their sexual contacts.
The Indigenous healthcare professionals provide a
vital outreach role and help Indigenous Australians
and persons experiencing homelessness receive care
in culturally safe ways (37). They support access to
testing and treatment, including transportation assis-
tance, where necessary, and they help to find hard-
to-reach case-patients and contacts. The epidemiolo-
gist undertakes surveillance and reporting functions,
examines the timeliness of treatment delivery, and
analyzes the success of contact tracing efforts. The
project officer develops models of care, engages with
CALD community organizations and members, and
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provides health promotion materials that are easy to
read and consumer focused.

Substantial progress has been made to enhance
service delivery and accessibility for high-priority
populations affected by syphilis in Perth; however,
further actions are needed to ensure accessible care
for all. Because of resource constraints amid a pan-
demic, work has only recently commenced to enhance
service delivery for CALD populations (28). Ongoing
work will be required to ensure that service provision
continues to align with community needs.

Expanding Routine Pregnhancy Screening

The WHO STI guideline (38), Centers for Disease
Control and Prevention STI guidelines (39), and Aus-
tralian Government pregnancy care guidelines (23)
recommend screening all pregnant women for syphi-
lis at their first antenatal visit. To date, recommenda-
tions regarding additional testing have been based
on risk (depending on the woman’s demographic
profile) and background local syphilis epidemiology
(23,39). More recently, data have demonstrated that
testing only 1 time (during early pregnancy) may re-
sult in missed cases in which maternal syphilis is ac-
quired later in gestation, particularly in areas where
incidence of syphilis is increasing (8,9,40).

Risk factors can be challenging or absent, and
cases may be missed if risk factors are relied on to
guide testing. Because of the complexities that sur-
round identifying risk factors (41) and findings from
local congenital syphilis reviews, local STI, antenatal,
and obstetric guidelines now recommend screening
all pregnant women in Perth at their initial visit, at
28 weeks, and at 36 weeks of gestation (or delivery,
if earlier) (5,30,32). Three-test screening for syphilis
in all pregnant women helps normalize testing, rec-
ognizes that pregnant women remain sexually ac-
tive, mitigates against unrecognized risk factors, and
offers an opportunity to detect syphilis in pregnant
women who have no or subtle signs and symptoms
(41). Locally, universal screening at 28 weeks has al-
ready helped prevent at least 4 congenital syphilis
cases since its introduction during 2021.

Enhancing Interagency Collaboration

In late 2020, MCDC introduced interagency and mul-
tidisciplinary case management meetings for 2 pri-
ority populations: Syphilis In Pregnancy (SIP) and
Syphilis Among People Experiencing Homelessness.
All pregnant women who received a diagnosis of
syphilis during pregnancy, have a history of inade-
quately treated syphilis, or have completed treatment
for infectious syphilis within the 12 months preced-
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ing pregnancy are monitored by the SIP committee.
The monthly meetings are a collaboration between
public health professionals, sexual health physicians,
an infectious diseases pediatrician, a neonatologist,
midwives, an obstetrician, Indigenous health servic-
es, homeless health services, and health professionals
from the Department of Justice when needed. Items
considered are treatment decisions, access issues, risk
assessment of the fetus, neonatal management plans,
and contact tracing. This monthly collaboration en-
ables timely support while maximizing the use of fi-
nite resources.

Supporting Optimal Management during Delivery
Early on, the SIP committee found that guidelines
(5,42) for investigating and managing deliveries were
not always followed, an issue that has also been de-
scribed in other jurisdictions in Australia (14,43). That
finding led to development of neonatal management
plans, which are synoptic reports generated from
the Syphilis Register with data for pregnant women
with syphilis at ~32-34 weeks of gestation (including
demographics, stage of syphilis, results, treatment,
contact tracing, and level of risk). Based on the data,
a risk category (no, low- or high-risk for congenital
syphilis) is assigned at the appropriate monthly meet-
ing. Recommended maternal and neonatal investiga-
tions and treatment are based on risk category, and
contact details of specialist services are provided
(5,42). To guide management at delivery, the neonatal
management plan is filed in the women’s maternity
hospital record before 36 weeks of gestation and dis-
cussed with the woman at an antenatal appointment.

Those plans have been well received by local ma-
ternity units and are now actively sought for pregnant
women with syphilis who deliver in Perth. Hospital
obstetric services report back to the MCDC SIP team,
providing feedback on maternal and infant syphilis
testing, information about the clinical examination
of the neonate, and confirmation about any relevant
treatment given to the infant.

Resourcing

Existing resources were used to support initiatives
where possible. However, public health personnel
developed a detailed business case and submitted it
to the Western Australia Department of Treasury to
expand the workforce, including at MCDC. Although
successful, funding was limited to an initial 2-year
period. In addition, MCDC received a modest 1-time
grant for workforce development, which enabled in-
creased education and outreach to clinicians and to
Indigenous health and CALD service providers.
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Preliminary Outcomes

From January 1, 2021, through September 30, 2022,
the SIP committee monitored 63 pregnant women to
the time of delivery or transfer to another health ser-
vice region. No woman in the program delivered an
infant with congenital syphilis.

Over the same period, 49 neonatal management
plans were prepared as the program was consolidat-
ed. Of the 39 plans recommending infant treatment
and mother/infant investigation at delivery (low-
or high-risk plans), investigation recommendations
were followed for 29 mother/infant pairs (74%), and
treatment recommendations were followed for 36
(92%) infants. For a cohort in the Northern Territory
of Australia, a similar risk-based approach to neo-
natal management has been implemented, although
without formal generation of a synoptic report, which
identified that only 52% of at-risk neonates received
appropriate testing and 42% received adequate treat-
ment at birth (43).

The program has enabled better monitoring of
other health issues during pregnancy because of high
attendance at antenatal appointments and, where
required, has helped link women to social and com-
munity support for nonhealth issues, including hous-
ing. The holistic multiagency nature of this program,
along with increased antenatal screening, commu-
nity engagement with priority populations and key
organizations, and strengthened collaboration with
frontline services, have contributed to the positive
outcomes.

Conclusions

The re-emergence of syphilis in Perth, and in loca-
tions in other high-income countries, has been accom-
panied by increasing case diversity and substantial
involvement of women of reproductive age. Multi-
level coordinated action that aligns with population
needs is required to address this re-emerging disease
effectively. Key elements include interagency collab-
oration, community engagement, workforce educa-
tion, enhanced screening, ready access to treatment,
contact tracing support, and surveillance and report-
ing. As rates of syphilis across the world increase,
we urge other jurisdictions experiencing similar
case loads to consider ways to reduce cases of con-
genital syphilis. Moreover, given that adherence to
management guidelines in the evaluation of mother/
infant pairs at delivery is suboptimal, implementing
structured neonatal management plans can support
optimal evidence-based care at birth. In our setting,
the efforts that were successful in preventing addi-
tional cases of congenital syphilis were conducting
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multiagency meetings for managing pregnant women
with syphilis, using a dynamic electronic syphilis reg-
ister, adopting synoptic reporting to guide manage-
ment at delivery, undertaking community outreach
and engagement with health services, and increasing
routine syphilis screening during pregnancy.
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Estimated Costs of 4-Month
Pulmonary Tuberculosis
Treatment Regimen, United States

Carla A. Winston, Suzanne M. Marks, Wendy Carr

We estimated direct costs of a 4-month or 6-month regi-
men for drug-susceptible pulmonary tuberculosis treat-
ment in the United States. Costs were $23,000 per per-
son treated. Actual treatment costs will vary depending
on examination and medication charges, as well as ex-
penses associated with directly observed therapy.

In 2022, the Centers for Disease Control and Pre-
vention (CDC) published recommendations for a
4-month tuberculosis (TB) treatment option using
rifapentine and moxifloxacin for persons >12 years
of age with drug-susceptible pulmonary TB (1,2).
By using published data sources for US healthcare
costs for TB, we estimated costs per person treated
with the 4-month treatment regimen and a standard
6-month regimen (3).

TB treatment consists of an intensive phase for
bactericidal and sterilizing activity, followed by a
continuation phase to ensure sterilization. Compared
with a standard 6-month regimen, the 4-month regi-
men replaces rifampin and ethambutol in the 8-week
daily intensive phase with high-dose rifapentine and
moxifloxacin. The 4-month regimen continuation
phase of 9 weeks of daily rifapentine, isoniazid, and
moxifloxacin compares with a continuation phase
of 18 weeks of daily rifampin and isoniazid for the
6-month regimen. For both regimens, recommen-
dations are to administer treatment under directly
observed therapy (DOT) for 5 of 7 weekly doses
throughout treatment (1,3).

The Study

We estimated direct healthcare costs to treat 1
person with drug-susceptible TB (Table). Direct
healthcare costs include inpatient and outpatient
costs associated with diagnosis and treatment and
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exclude societal costs such as the value of lost patient
productivity. All costs for this analysis were based
on published unit cost data and updated to 2021 dol-
lars by using Bureau of Economic Analysis Personal
Consumption Expenditures indices for hospital and
outpatient services (4). Overall, TB outcomes and ad-
verse events were similar in the clinical trial of the
4-month regimen compared with the 6-month regi-
men (2); therefore, we assumed the percentage of per-
sons hospitalized at any point during TB diagnosis
and treatment was equivalent across regimens. We
assumed hospitalization costs of persons with TB on
both regimens to be equivalent at $17,432 in 2021 dol-
lars, reflecting an estimated 49% of persons with TB
hospitalized at $1,482 per day for an average 24 days
and including 20% for physician costs, on the basis
of previous publications (5-7). We added outpatient
TB disease costs, including examination costs, clinic
supplies, medication costs, and DOT costs, to drug-
susceptible TB inpatient costs. We used medication
costs based on US Department of Veterans Affairs ac-
quisition costs (§) for maximum adult doses (isonia-
zid 300 mg, $0.19/ dose; rifampin 600 mg, $2.45/ dose;
rifapentine 1,200 mg, $14.44/dose; pyrazinamide
2,000 mg, $17.88/dose; ethambutol 1,600 mg, $1.13/
dose; moxifloxacin 400 mg, $2.35/dose) and applied
them to 7-day-per-week dosing. DOT costs assumed
clinical follow-up and personnel costs at $24/visit
updated to $28/visit in 2021 dollars, on the basis of
in-person observation 5 days per week (6).

We estimated examination costs by using Centers
for Medicare and Medicaid Services average allow-
able charges for laboratory (9) and physician services
(10). Baseline examination costs before initiating ther-
apy, regardless of regimen, assumed 3 sputum smears
for acid-fast bacilli at $5.39 per smear and 3 cultures
for Mycobacterium tuberculosis at $10.80 per culture, 1
phenotypic drug-susceptibility test panel to include
at least each drug in the regimen at $7.31 per drug,
1 rapid molecular drug-resistance detection panel to
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Costs of TB Treatment Regimen, United States

Table. Input characteristics and direct treatment costs estimated for pulmonary drug-susceptible TB treatment, United States™

4-month regimen

6-month regimen

Characteristic Intensive phase

Continuation phase

Intensive phase Continuation phase

Time (doses) 8 wks (56 doses)

9 wks (63 doses)

8 wks (56 doses) 18 wks (126 doses)

Anti-TB medications Isoniazid 300 mg,
rifapentine 1,200 mg,

pyrazinamide 2,000

Isoniazid 300 mg,
rifapentine 1,200
mg, moxifloxacin

Isoniazid 300 mg, Isoniazid 300 mg,
rifampin 600 mg, rifampin 600 mg
pyrazinamide 2,000

mg, moxifloxacin 400 400 mg mg, ethambutol
mg 1,600 mg

No. daily pillst 15 11 12 4
No. DOT clinic visitst 40 45 40 90
Costsg

Examination 370 402

Clinic supply 74 80

Medication 3,023 1,546

DOT 2,354 3,600

Subtotal outpatient costs 5,820 5,628

Subtotal inpatient costs{ 17,432 17,432

Total estimated direct treatment costs 23,252 23,060

*DOT, directly observed therapy; TB, tuberculosis.

TPill count assumed anti-TB medications plus 1 daily pyridoxine (vitamin B6) tablet for persons taking isoniazid.

FDOT administered 5 of 7 weekly doses throughout treatment.
8§In 2021 US dollars.

finpatient costs assumed equivalent across regimens because TB outcomes and adverse events were similar according to clinical trial data.

include at least each drug in the regimen at $41.68 per
drug, 1 two-view chest radiograph at $34.20, 1 com-
plete blood count at $7.77, 1 comprehensive metabolic
panel at $10.56, and 1 liver function test at $8.17. We
assumed smears and cultures were repeated monthly
throughout treatment and yielded $16/month in ad-
ditional laboratory costs.

Conclusions

In the absence of data from programmatic use of the
4-month regimen, estimated total direct costs of the
4-month and 6-month regimens in the United States
based on published sources were similar, at $23,000
per person treated for pulmonary drug-susceptible
TB. Hospitalization during diagnosis and treatment
accounted for three-quarters of total costs. Because
we assumed that hospitalization proportion was
equal for the 4-month and 6-month regimens on the
basis of adverse events reported during the clinical
trial (2), inpatient costs were equal between regimens.
Cost differences between the regimens were driven
by higher drug costs in the 4-month regimen and by
higher outpatient costs for length of follow-up and
DOT in the 6-month regimen. In terms of drugs, rifa-
pentine costs more per dose than rifampin, but fewer
total doses are required for the 4-month regimen.
Lower rifapentine prices would decrease costs associ-
ated with the 4-month regimen. The longer treatment
regimen results in additional clinical follow-up as-
sumptions, including 2 additional smears and 2 ad-
ditional cultures, and greater DOT costs compared
with the shorter regimen. However, some TB pro-
grams limit DOT in the continuation phase (e.g., 3
times/week) of the 6-month regimen, or may opt to
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use video DOT, which costs less than in-person DOT,
for either the 4-month or 6-month regimen (3,11,12).
Although we estimated molecular drug-susceptibili-
ty testing for moxifloxacin in this analysis as having
equivalent cost to other drug-susceptibility tests, it
might not yet be widely available in first-line testing
because fluoroquinolones have historically been used
primarily for drug-resistant TB treatment (3). Suscep-
tibility testing for moxifloxacin as a first-line drug
could result in start-up costs, changes in workflow,
or a need for clinical validation if tests are not already
in use by or accessible to local programs. CDC’s Mo-
lecular Detection of Drug Resistance service offers
sequencing at no charge to US public health laborato-
ries to enhance early detection of mutations (13).
Societal costs attributable to lost patient productiv-
ity are likely to be higher for the 6-month versus the
4-month regimen as a function of longer healthcare
engagement. Because this analysis focused on health-
care system costs, we did not include patient or larger
societal costs such as costs associated with premature
death or sequelae from TB. Adverse event reporting
and death while receiving treatment during the clinical
trial was statistically equivalent between the 4-month
and 6-month regimens, with no signals of higher likeli-
hood of relapse with the shorter regimen (2). On the
basis of the trial data, we therefore could expect soci-
etal costs from premature death to be similar across
regimens, thus providing no differentiation between
regimens; however, post-TB disease or death was not
assessed. Prior analyses, updated to 2021 dollars, as-
sumed $29.55 for patient time for travel to and from the
clinic and $3.64/ dose for doses administered under in-
person DOT and an additional $2.45 value per daily
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dose of patient time in physically ingesting medication
(6). Including patient costs for in-person DOT would
yield ~$1,500 ($1,456) greater costs for the 6-month reg-
imen compared with the shorter regimen. Video DOT
might mitigate patient costs (11,12).

Treatment shortening that has similar success
and safety in producing favorable TB outcomes has
potential advantages from the healthcare perspec-
tive and may be appealing to persons with TB if it
reduces healthcare engagement. Actual treatment
costs will vary across different settings (14) depend-
ing on examination and medication charges and the
method of DOT for treatment support. Because of the
limits of the data available to us, which are published
list prices for unit costs, we were unable to estimate
uncertainty around cost estimates for components of
TB care. We encourage TB programs and researchers
to report primary data collection on healthcare sys-
tem costs and costs experienced by persons with TB
to provide better data for costs for the new 4-month
regimen in diverse real-world settings.
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Human Tularemia
Epididymo-Orchitis Caused
by Francisella tularensis
Subspecies holartica, Austria

Maximilian Seles, Julia Altziebler, Gregor Gorkiewicz, Lisa Kriegl, Stefan Hatzl
Sascha Ahyai, Romana Klasinc, Ines Zollner-Schwetz, Robert Krause

A previously healthy man in Austria had tularemia
epididymo-orchitis develop, leading to unilateral orchiec-
tomy. Francisella tularensis subspecies holartica was de-
tected by 16S rRNA gene sequencing analysis of inflamed
granulomatous testicular tissue. Clinicians should suspect
F. tularensis as a rare etiologic microorganism in epididy-
mo-orchitis patients with relevant risk factors.

ularemia is a highly pathogenic zoonosis caused

by the gram-negative intracellular bacterium Fran-
cisella tularensis (1). F. tularensis subspecies tularensis
(type A) and holarctica (type B) are the main causative
agents for tularemia in humans and animals; type B is
present in Europe and Asia (2). Humans are infected
through bites of arthropods (including ticks that are
the primary vector of tularemia), as well as by inhal-
ing infectious aerosols, handling infected animals, or
ingesting contaminated water or food (3). Tularemia
cases caused by inadvertent exposure among labora-
tory personnel have also been reported (4).

Clinical manifestations of tularemia in humans
might result in ulceroglandular, oculoglandular,
glandular, oropharyngeal, pulmonary, or typhoidal
forms of disease. We report a case of tularemia epi-
didymo-orchitis in a healthy man that led to unilat-
eral orchiectomy.

The Study
In July 2022, a previously healthy 69-year-old man
(nature filmmaker) came to an outpatient clinic in
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Austria because of fever (temperature up to 39°C),
chills, malaise, headache, and lower abdominal pain
after traveling to southern Slovenia, Cres island (Cro-
atia), and northern Styria (Austria) 1 month earlier.
The patient reported several tick bites but no further
animal contact. Clinical examination showed a small
ulcerative lesion on the lower left back, which was
initially suspected to be an infected insect bite.

Laboratory tests showed leukocytosis (13.6 x 10°
cells/L), increased C-reactive protein (CRP) of 85
mg/L, a serum creatinine level of 1.17 mg/mL, and
an estimated low glomerular filtration rate of 63 mL/
min/1.73m* The patient was admitted and initially
given amoxicillin/clavulanic acid, which was sub-
sequently changed to piperacillin/tazobactam plus
moxifloxacin 3 days later because of persistent fever
and sudden testicular swelling and pain, as well as an
increased CRP level (357 mg/L) and leukocyte count
(22.5 x 10%cells/L).

Computed tomography of the thorax, abdomen,
and pelvis showed bilateral epididymo-orchitis and
an enlarged right testicle with hyperperfusion and
nonperfused areas and a hypoperfused left testicle
(Figure 1). In addition, a pulmonary infiltration (di-
ameter 5 mm) in the left lower lobe and diverticulitis
were detected. Results of blood and urine cultures
were negative. Urine antigen test results for Legionella
sp. and pneumococci showed negative results. Anti-
bodies specific for Brucella spp., Leptospira spp., and
HIV were not detected.

The patient was transferred to the Medical Uni-
versity of Graz, where piperacillin/tazobactam was
continued and moxifloxacin stopped. During the next
few days, sonographic examinations showed an en-
larged and inhomogenous and hyperperfused right
testicle with clinical epididymitis but decreasing CRP
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Figure 1. Computed tomography of patient who had human
tularemia epididymo-orchitis caused by Francisella tularensis
subspecies holartica, Austria. Coronal image shows the right
testicle (arrow) during the arterial phase with hyperperfusion and
nonperfused areas (abscess).

levels. Persistent pain and progressive inflammation
observed by testicular ultrasound, including sus-
pected abscess, led to unilateral orchiectomy (right
testicle) 14 days after admission. Intraoperatively,
the testicle and the spermatic cord showed massive
inflammation. The orchiectomy was performed with-
out any complications.

The leukocyte count returned to the reference
range, and the CRP level decreased to 68 mg/L af-
ter surgery. Histopathologic examination showed
a chronic granulomatous epididymo-orchitis with
abundant suppurative granulomas located between
destroyed seminiferous tubules in addition to dif-
fuse mixed interstitial inflammatory infiltrate (Fig-
ure 2). PCRs results for Mycobacterium tuberculosis
complex and atypical mycobacteria were negative.
A 16S rRNA gene sequencing analysis of testicular

tissue using an IonTorrent Platform (https://www.
thermofisher.com) showed abundant bacterial DNA
with 100% homology for F. tularensis subspecies hol-
artica (78% of generated reads) (1).

Subsequently, a commercially available ELISA
(Virion/Serion, https://www.virion-serion.de) de-
tected IgM and IgG for a panel of human pathogens
in serum or plasma (cutoff value >15 units/mL for
IgG and IgM) and indicated the presence of F. tular-
ensis lipopolysaccharide. F. tularensis antibody levels
were 136 units/mL for IgG and >400 units/mL for
IgM. The patient received doxycycline plus moxiflox-
acin for 2 months. At a 6-month follow-up, the patient
had no additional complaints.

Conclusions

In Austria, antibodies against F. tularensis are found
in 0.5% of healthy adults (5), and annual cases range
between 0 and 58 (2,6). In clinically apparent infec-
tions, the most frequent manifestations of human tu-
laremia are ulceroglandular or glandular forms. The
oculoglandular, oropharyngeal, or pulmonary forms
have been less frequently reported (2). In the case we
report, the patient did not report any direct animal
contact or use of unprocessed water or food during
his nature filming activities. However, initial exami-
nation showed a small ulcerative lesion on the lower
left back, which presumably was the initial tularemia
skin lesion.

Worldwide, tularemia orchitis has been reported
in hares (including 1 case with epididymo-orchitis)
(7,8), a squirrel (9), and a marmoset (10). Infectious
human epididymo-orchitis is usually caused by Neis-
seria gonorrhoeae, Chlamydia trachomatis, Ureaplasma
spp., Mycoplasma genitalium, Escherichia coli, Pseudo-
monas aeruginosa, and other gram-negative bacteria,

Figure 2. Granulomatous epididymo-orchitis in patient who had human tularemia epididymo-orchitis caused by Francisella tularensis
subspecies holartica, Austria. A) Diffuse chronic granulomatous inflammation in the interstitium and between the seminiferous tubule.
Hematoxylin and eosin stain; original magnification x20. B) Suppurative granuloma with epithelioid cells and single giant cells in
testicular tissue. Hematoxylin and eosin stain; original magnification x100.
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as well as Staphylococcus aureus in elderly persons.
Granulomatous epididymo-orchitis is rare and usu-
ally caused by Mycobacterium tuberculosis or Brucella
spp. Other rare etiologic agents include fungi, Shisto-
soma spp., or Orientia tsutsugamushi (11-13). F. tular-
ensis has not been previously reported as a causative
microorganism for epididymo-orchitis.

Patients who have epididymo-orchitis typically
have acute onset unilateral scrotal pain, swelling, and
erythema, and treatment with ceftriaxone combined
with doxycycline or levofloxacin is recommended
(13). Tularemia is treated with fluorochinolones, dox-
ycycline, or aminoglycosides depending on disease
severity. Our patient empirically received piperacil-
lin/tazobactam with moxifloxacin, but moxifloxacin
was discontinued after 3 days. During piperacillin/
tazobactam monotherapy, CRP levels decreased, but
sonography and clinical status worsened, leading to
unilateral orchiectomy. We assume that the empirical
application of moxifloxacin for 3 days lowered sys-
temic inflammatory parameters but was too short for
improvement of the testicular infection. Ultimately,
the etiology of epididymo-orchitis could be elucidat-
ed by 165 rRNA gene sequencing analysis, which in
this case led to successful directed therapy with doxy-
cycline and moxifloxacin. Because of impaired renal
function, aminoglycosides were not considered. Fur-
thermore, serologic analysis confirmed this unusual
case of tularemia.

The specific source of tularemia in this case re-
mains unknown because F. tularensis subsp. holartica
was prevalent in all countries visited by the patient
before his infection (tularemia cases are reported
from Austria and Slovenia and, rarely, from Croatia)
(14). Nevertheless, our findings indicates that, in pa-
tients suspected of having tularemia by medical his-
tory (e.g., arthropod bites, animal contact) or clinical
examination (e.g., ulcer, rash, lymphadenopathy), cli-
nicians should consider F. tularensis as a rare etiologic
microorganism in epididymo-orchitis.
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Listeria monocytogenes
Transmission from Donated
Blood to Platelet Transfusion

Recipient, Italy

Maria Gori, Luca Bolzoni, Erika Scaltriti, Lilia Andriani, Vito Marano, Francesca Morabito,
Clara Fappani, Danilo Cereda, Enza Giompapa, Rosa Chianese, Paola Lanzini,
Livia Antonietta Martinelli, Silvia Bianchi, Antonella Amendola, Stefano Pongolini, Elisabetta Tanzi

We report Listeria monocytogenes infection in a patient
in Italy who was transfused with pooled platelet con-
centrate. Genomic analysis revealed that L. monocyto-
genes isolates from the donor blood unit, the transfused
platelets, and the patient’s blood culture were genetically
closely related, confirming transfusion transmission. Ad-
ditional surveillance and secondary bacterial screening
could improve transfusion safety.

Listeria monocytogenes is a gram-positive, primar-
ily foodborne pathogen responsible for severe
invasive infections (1), especially in immunocompro-
mised patients. The treatment for some immunode-
ficiency conditions can require the administration of
blood products, which pose additional risks for pa-
tients” health, although not generally connected with
L. monocytogenes bacteremia. One case of transfu-
sion-transmitted L. monocytogenes infection has been
reported in the literature (2). Conversely, 2 case re-
ports describe platelet products contaminated by L.
monocytogenes, but the contamination was intercepted
before transfusion (3,4). We describe a case of trans-
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fusion-related L. monocytogenes infection in a patient
who received a pooled-platelet concentrate.

The Study

On June 13, 2022, a 78-year-old woman was admit-
ted to an emergency department in the Lombardy
Region of northern Italy, reporting persistent fever,
nausea, and vomiting. According to her medical
history, she had gastric adenocarcinoma and had
undergone total gastrectomy with splenectomy on
February 15, 2021, and postoperative anemia was
subsequently observed. In September 2021, she ex-
perienced cancer progression in the liver and, begin-
ning in March 2022, she underwent chemotherapy
with trifluridine/ tipiracil.

At the time of her emergency admission, hema-
tological tests revealed a severe pancytopenia, likely
due to chemotherapy. Her hemoglobin level was 8 g/
dL (reference range 12-16 g/dL), platelet count was
27,000/ puL (reference range 150,000-450,000/ uL), pro-
calcitonin was 1.51 ng/mL (reference range 0.00-0.50
ng/mL), prothrombin time was 1.33 (reference range
0.80-1.20), activated partial thromboplastin time was
0.66 (reference range 0.80-1.20), and C-reactive pro-
tein was 318.7 mg/L (reference range 0.0-5.0 mg/L).
Clinicians administered granulocyte growth factor
therapy, transfusion treatment with concentrated
red blood cells, and empirical antibiotic therapy with
piperacillin-tazobactam. Blood cultures incubated
in the BD BACTEC FX system (Becton Dickinson,
https:/ /www.bd.com) showed no growth.

On June 14, 2022, the patient underwent a trans-
fusion of buffy coat-pooled platelet derived from 5
different donors. After transfusion of =150 mL of
platelet products, the woman experienced chills,
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nausea, and fever of 37.8°C. Treatment was stopped
and hydrocortisone was administered, based on the
diagnosis of transfusion reaction. The adverse reac-
tion was reported to the Italian National Blood Centre
on June 20, 2022. Antibiotic therapy was boosted with
meropenem. A second blood culture yielded positive
results 25 hours after collection, and L. monocytogenes
was identified by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (Bruker
Daltonics, https:/ /www.bruker.com).

The isolate was susceptible to ampicillin, eryth-
romycin, meropenem, penicillin, and trimethoprim/
sulfamethoxazole. In response to this finding, on June
15, 2022, antibiotic therapy was adjusted to ampicil-
lin/sulbactam and gentamicin and was continued
for 21 days. Within 24 hours of adjusting antimicro-
bial drug therapy, the patient was afebrile. Because
no additional complications were reported during
hospitalization, the patient was discharged on July
5, 2022, hemodynamically stable. The woman died of
progressive cancer on October 22, 2022.

We tested each of the 5 donated platelet units for
bacterial contamination by using the BacT/ALERT
3D system (bioMérieux, https://www.biomerieux.
com). We detected contamination in a single-donor
unit, which we subsequently cultured and found pos-
itive for L. monocytogenes. The other blood component
units obtained from the same unit (donated on June
9, 2022) were destroyed, and no other patients were
transfused from them. The donor was recalled on June
16, 2022, but, because of quarantine for COVID-19,
did not arrive at the transfusion center until June 28,
2022. The donor was investigated for possible risk
factors related to the bacterial infection, such as con-
sumption of contaminated food (none were identi-
fied) and confirmed the absence of gastrointestinal
or febrile symptoms at the time of donation. Despite
consideration of the time elapsed since donation,
blood was drawn for cultures; results were negative.

The L. monocytogenes isolates recovered from
the buffy coat platelet concentrate, the transfused
patient’s blood cultures, and the single-donor unit
were sent to the regional reference laboratory (RRL)
of Lombardy Region, Italy. On the basis of Ministry
of Health provisions, RRLs in Italy perform whole-
genome sequencing (WGS) to characterize L. monocy-
togenes isolates (5). We extracted genomic DNA by us-
ing the Maxwell HT 96 gDNA Blood Isolation System
(Promega, http:/ /www.promega.com) and conduct-
ed WGS on the Nextseq 550 system (Illumina, http://
www.illumina.com). We performed in silico sequence
type (ST) and PCR serogroup detection by using In-
stitut Pasteur’s BIGSdb-Lm (6), which revealed that
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the 3 isolates belonged to ST1 and PCR serogroup
4b. We performed comparative genomics to analyze
allele distances in core-genome multilocus sequence
typing (cgMLST) by using Pasteur’s cgMLST allelic
scheme (6) and analyzed SNPs by using the CFSAN
SNP Pipeline version 2.1.1 (7). We observed neither
allelic nor SNP differences. Four other ST1 clinical
strains isolated in Lombardy Region in 2022 showed
distances of 0-1 allele in cgMLST and 0-2 SNPs dif-
ferences to the isolates involved in the transfusion-
associated case. We used the strain originated from
the donated blood unit (BioSample no. ERS15898914)
as a reference for SNP analysis. The size of the core
alignment between all 7 genomes was 2,930,365 bp,
98.7% of the reference strain’s length. Trace-back in-
vestigation revealed that no other patients from the
2022 Lombardy outbreak had a history of blood trans-
fusion. Moreover, epidemiologic investigation forms
of the infected patients did not identify any food
products as a common source of infection.

Conclusions

Current guidelines in transfusion medicine in Italy
recommend testing for hepatitis B and C viruses,
HIV, and serologic markers of Treponema pallidum.
Mandatory tests do not consider bacterial contamina-
tion (8). Although both gram-positive and gram-neg-
ative organisms have reportedly caused transfusion-
associated sepsis (9), the use of pathogen-reduction
technology is not mandatory and was not applied on
the platelets transfused to our patient.

Contamination of blood products commonly oc-
curs because of introduction of skin microbiota at
the phlebotomy site or donations by asymptomatic
donors with transient bacteremia (9,10). The envi-
ronment also can be a source of contamination, par-
ticularly when bag containers are breached during
transfusion product processing, transport, or stor-
age (11). Bacterial contamination is a higher risk in
platelet products because platelets must be stored at
room temperature to maintain viability and function,
which could facilitate the growth of a wide spectrum
of bacteria. Approximately 1 of every 1,000-3,000
platelet units are estimated be contaminated with
bacteria (12-14).

In the case we described, bloodborne trans-
mission was strongly supported by WGS-based
typing, which confirmed that the L. monocyto-
genes isolates recovered from the transfused pa-
tient’s blood cultures, the platelet concentrate, and
the blood donor’s platelet unit were genetically
closely related. Although the source of the con-
tamination was unclear, one explanation could be
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environmental contamination of the donated blood
unit. Several cases of contamination of transfusion
products by environmental bacteria have been de-
scribed (12). L. monocytogenes is widespread in the en-
vironment and could have entered the blood unit via
undetected defects or damages in the storage contain-
er. Another explanation could be a transient bactere-
mia experienced by the donor who was asymptom-
atic at the time of donation, such as in a previously
described case (2). Questionnaires administered to as-
sess blood donors” health and medical history are not
useful to identify L. monocytogenes infection because
healthy persons will generally be asymptomatic. In-
deed, persons with transient asymptomatic bactere-
mia, or who are in the recovery phase of an infection,
still can qualify as blood donors.

In conclusion, bacterial contamination of donated
blood and blood components still represents a major
public health issue globally. This case highlights the
need to improve safety in transfusion medicine by
implementing surveillance activities and additional
measures, such as secondary testing and pathogen-
reduction technology.
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Imported Toxigenic
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Skin Infections,

Germany, 2022
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During August-December 2022, toxigenic Corynebacte-
rium diphtheriae was isolated from 25 refugees with skin
infections and 2 refugees with asymptomatic throat colo-
nization at a refugee reception center in Germany. None
had systemic toxin-mediated illness. Of erosive/ulcer-
ative skin infections, 96% were polymicrobial. Erosive/
ulcerative wounds in refugees should undergo testing to
rule out cutaneous diphtheria.

iphtheria is a potentially lethal upper respira-

tory tract infection that causes systemic illness
associated with toxemia. Cases are mostly caused by
toxigenic Corynebacterium diphtheriae and, rarely, by
C. ulcerans through animal-to-human transmission
(1). Although <500 cases have been detected in Eu-
rope during 2010-2019 (2), outbreaks have been re-
ported in resource-limited settings (e.g., in refugee
camps or in settings of waning immunization cover-
age) (3,4). During June-October 2022, a total of 371
diphtheria cases were detected in Europe; most (147
cases) were in Germany. Ongoing cases in 2023 and
a fatal case in Belgium in June 2023 reported by the
European Centre for Disease Prevention and Con-
trol (ECDC) highlight the need for further awareness
(https://www.ecdc.europa.eu/en/publications-
data/communicable-disease-threats-report-2-8-july-
2023-week-27;,  https://www.ecdc.europa.eu/en/
publications-data/communicable-disease-threats-
report-30-january-5-february-2023-week-5; https://
www.ecdc.europa.eu/en/publications-data/
communicable-disease-threats-report-11-17-june-
2023-week-24).

Author affiliation: University Medical Centre and Faculty of Medi-
cine Freiburg, Freiburg, Germany
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Since 2015, the University Medical Centre
Freiburg has run an outpatient clinic at the refugee re-
ception center in Freiburg, which in late 2022 detected
an unusually high number of skin infections in refu-
gees. After the initial case of cutaneous C. diphtheriae
infection was detected, the University Medical Centre
consulted with the local health authorities, and sub-
sequent patients with skin wounds or erosive/ulcer-
ative lesions were tested for throat colonization and
skin infection with C. diphtheriae. Contacts of patients
with confirmed cases (roommates, other close con-
tacts) were identified and screened for C. diphtheriae
skin infection and throat colonization. Our retrospec-
tive analysis was approved by the ethics committee of
the University Medical Centre Freiburg (22-1493-51-
retro). Anonymized photographs were taken with the
verbal consent of the patients.

The Study
In the beginning of the analysis period, we detected
C. diphtheriae by using Columbia blood agar with fos-
fomycin plates and, after sufficient production, with
tellurite agar. We confirmed isolates as C. diphtheriae
by using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry and using Bruker
MALDI Biotyper (5). We detected the diphtheria
toxin gene by using a conventional PCR assay (6).
We sent all isolates for confirmation to the consiliary
laboratory at Landesamt fiir Gesundheit Bayern (LGL
Bayern, OberschleifSheim, Germany), where Elek test
and multilocus-sequence typing (MLST) were addi-
tionally performed for several isolates.

During August 1, 2022, through December 31,
2022, C. diphtheriae was detected in 27 refugees. Of

1These senior authors contributed equally to this article.
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those, 25 had sought care because of nonhealing
skin lesions or wounds. Screening of 154 contacts
(throat swabs) identified 2 asymptomatic carriers of
C. diphtheriae without skin lesions. All patients were
male, and most were young (mean 24 years, range
18-49 years). Three patients stated that they were
minors but were classified as adults by local health
authorities. Most patients were born in Afghanistan
(15 persons) or Syria (11 persons); 1 refugee report-
ed Morocco as his country of birth. Of the 18 (67 %)
refugees who were asked about their escape route,
all stated that they had fled via Balkan states (Table
1, Appendix Table 1, https:/ /wwwnc.cdc.gov/EID/
article/29/10/23-0285-Appl.pdf).

Cutaneous lesions persisted for a mean of 22.5
days; #70% persisted >14 days, and the overall range
was wide, 3-60 days. Available detailed histories of
the cause and circumstances of the primary manifes-
tation indicated waterway crossings and forest habi-
tation as the probable infection mode. The lesions
were predominantly localized at the extremities: low-
er thigh (17 [63%]), feet and ankles (11 [41%]), hands
(8 [32%]), and upper thigh (2 [7%]). In addition, geni-
tal lesions were observed in 2 refugees (7%) (Table 1;
Appendix Table 1). Skin wounds appeared as partly
punched-out, partly erosive lesions with erythema-
tous margins (Figure panels A, B). Grayish mucous
membranes or purulent lesions were detectable in
isolated cases only.

Clinical differentiation between skin infections
caused by Staphylococcus aureus, Streptococcus pyogenes,

C. diphtheriae and Polymicrobial Infections

Table 1. Demographics and clinical manifestations of 27
refugees with imported toxigenic Corynebacterium diphtheriae in
polymicrobial skin infections, Germany, 2022*

Study population No. (%)
Mean age at first assessment (range), y 24 (18-49)
Suspected unaccompanied minor refugee 3(11)
Country of birth
Afghanistan 15 (56)
Syria 11 (41)
Morocco 1(4)
Route of escape
Asked about route 18 (67)
Answered Balkan 18 (100)
Clinical manifstations
Any skin ulcer 25 (93)
Lower thigh 17 (63)
Knee 3(11)
Upper thigh 2(7)
Feet 11 (41)
Hands 8 (30)
Genitals 2(7)
Patients without skin wounds 2(7)
And with C. diphtheriae in throat swab specimen 2 (100)
Mean duration of wounds (range), d 22.5 (3-60)

*Values are no. (%) except as indicated. All patients were male.

or both (Figure panel C) or wounds with evidence of
C. diphtheriae was difficult. In addition to C. diphtheriae,
both S. aureus and S. pyogenes were detected in 21 (84 %)
of the 25 refugees. In 3 (12%) refugees, C. diphtheriae
and S. pyogenes were detected; in 1, only C. diphtheriae
was detected. All 25 skin infections were colonized
with toxin-producing C. diphtheriae as shown by posi-
tive PCR for the tox gene or positive Elek test through
the consiliary laboratory (Table 2; Appendix Table 1).
The 2 cases of C. diphtheriae throat colonization were

Figure. Clinical manifestations of Corynebacterium diphtheriae skin infections in patients at a refugee reception center in Freiburg.
Germany, 2022. A) Chronic erosive skin lesions at the ventral lower thigh. Toxigenic C. diphtheriae, methicillin-sensitive Staphylococcus
aureus (MSSA), and Streptococcus pyogenes were grown from skin swab samples. B) Ulcerative lesion with erythematous halo just
above the right ankle. C. diphtheriae, MSSA, and S. pyogenes were detected from skin swab samples. C) Ecthymata at the lower leg
without detection of C. diphtheriae but with growth of MSSA and S. pyogenes.
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Table 2. Microbiology test results for 27 refugees with imported
toxigenic Corynebacterium diphtheriae in polymicrobial skin
infections, Germany, 2022*

Microbiology result No. (%)
No. C. diphtheriae isolates 27
Any skin wound 25 (93)
Skin wounds with toxigenic C. diphtheriae 25
Toxigenic C. diphtheriae in skin wound and throat 5 (20)
swab
Any throat swab with C. diphtheriae 7 (26)
And without skin wounds 2 (29)
Patients without skin wounds 2(7)
And wth C. diphtheriae in throat swab 2 (100)
Contact persons screened 154
Co-colonization of skin infections (% of all skin
wounds)
C. diphtheriae, Staphylococcus. aureus, 21 (84)
Streptococcus pyogenes
C. diphtheriae, S. pyogenes, no S. aureus 3(12)
C. diphtheriae, no S. pyogenes, no S. aureus 14)
Antimicrobial resistance
Total S. aureus isolates 21
MSSA 11 (52)
Community-acquired MRSA 10 (48)
Hospital-acquired MRSA 0
Total no. S. pyogenes isolates 24
Resistance to clindamycin 3 (13)

*Values are no. (%) except as indicated. MRSA, methicillin-resistant S.
aureus; MSSA, methicillin-sensitive S. aureus.

nontoxigenic. Among the 21 S. aureus isolates, 10 (48 %)
were methicillin resistant. Of the 24 S. pyogenes iso-
lates, 3 (13%) showed resistance to clindamycin (Table
2). According to current European Committee on An-
timicrobial Susceptibility Testing (https://www.eu-
cast.org) recommendations, all C. diphtheriae isolates
showed in vitro susceptibility to penicillin at increased
exposure, and all but 2 isolates showed sensitivity to
erythromycin or clindamycin (7). MLST was available
for 16 isolates; sequence types 377 or 574 were identi-
fied 6 times, and sequence type 384 was identified 4
times. We established no correlation between country
of origin and sequence type.

Detection of toxin-producing C. diphtheriae from
throat swab samples was successful in 5 (20%) of
the 25 patients with cutaneous lesions. No systemic
illnesses associated with toxemia were observed in
our cohort.

Conclusions

Our report adds details about the clinical picture
of cutaneous diphtheria among refugees from Af-
ghanistan, Syria, and Morocco in Germany. In this
cohort, 100% of cutaneous infections were caused by
toxigenic C. diphtheriae, which is a higher proportion
than the 27% toxigenic cutaneous infections reported
in 270 cases published over the past 65 years (Ap-
pendix Table 2). This magnitude indicates a common
source of infection or increased risks for transmis-
sion while fleeing (8,9).

2114

Nearly all skin infections in this cohort were
polymicrobial, caused by C. diphtheriae, S. aureus, and
S. pyogenes. Co-infections with S. pyogenes have been
reported in the literature for 151 (56%) cases and with
S. aureus for 110 (41%); methicillin resistance was not-
ed in 19 (7%) cases (Appendix Table 2). Only 1 report
indicates a rate of co-pathogens in the magnitude of
that found in our cohort (10). Similar to a previous
report from Germany, the isolates were broadly drug
susceptible (11); susceptibility to penicillin seemed
to be higher than that reported from Spain during
2014-2019 (12).

Another finding was that one fifth of the refu-
gees with cutaneous diphtheria were concurrently
colonized with toxigenic C. diphtheriae in the throat
while remaining systemically asymptomatic. Such
concurrent throat plus skin colonization may
be highly relevant for transmission and should
be identified.

Although in their rapid risk assessment the ECDC
considered the overall risk for the residing population
in refugee-accepting countries to be very low, several
steps are crucial for preventing spread and casualties
(13). Toxin-mediated systemic disease can be effec-
tively prevented by universal immunization against
diphtheria toxin. Refugee infants are particularly at
risk because of the reported low rates of receiving a
third dose of diphtheria-tetanus-pertussis vaccine in
Afghanistan (81%) and Syria (48%) (14). Furthermore,
waning immunity against vaccine-preventable dis-
eases, especially for pertussis and diphtheria, is re-
ported where antibody levels drop to prevaccination
levels 5-6 years after vaccination (15).

Our report, in conjunction with material from
ECDC, could be informative for migrants and
healthcare workers with regard to identifying cu-
taneous diphtheria (13). These findings supplement
recommendations for contact tracing, screening
for throat colonization, and using personal protec-
tive equipment when changing dressings or taking
swab specimens.

Workers at refugee reception centers should
pay attention to chronic erosive/ulcerative wounds
in refugees. They should conduct adequate mi-
crobiological investigations to rule out cutaneous
diphtheria, even if S. aureus or S. pyogenes have al-
ready been identified, and should screen persons,
including contact persons, for throat colonization.
Booster vaccinations or full immunizations against
diphtheria toxin and antimicrobial prophylaxis
should be given in accordance with ECDC guide-
lines in risk settings when cases of diphtheria are
suspected (13).
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From 2015-2018 to 2019-2021, hypertoxigenic M1,
lineage among invasive group A Streptococcus in-
creased in the United States (1.7%, 21/1,230 to 11%,
65/603; p<0.001). M1, was observed in 9 of 10 states,
concentrated in Georgia (n = 41), Tennessee (n = 13),
and New York (n = 13). Genomic cluster analysis indi-
cated recent expansions.

he M1, lineage of group A Streptococcus (GAS)

is a hypertoxigenic clone within the serotype M1
GAS strain and has been associated with increased
scarlet fever and invasive GAS (iGAS) disease inci-
dence in the United Kingdom since 2014 (1-3). M1,
carries 27 characteristic lineage-defining single-nucle-
otide variants (SNVs) that distinguish it from other
globally circulating M1 GAS clones (1). By 2020, M1,
had also became the dominant clone among M1 GAS
in England (3), the Netherlands (4), and Australia (5)
and showed substantial presence in Canada (6).

In the United States, M1, was identified as a mi-
nor clone of M1 iGAS isolates in the Active Bacterial
Core surveillance (ABCs) system, a laboratory- and
population-based surveillance system for invasive
bacterial infections that is currently implemented in
10 US states (7), in 2015-2018 (8). Using genomic sur-
veillance data in ABCs, we investigated the trend of
M1, in 2019-2021 and documented the characteris-
tics of iGAS infections caused by M1, .

The Study
We identified iGAS cases through ABCs and mapped
whole-genome sequencing reads of M1 isolates

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: https://doi.org/10.3201/eid2910.230675
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against the M1 reference genome MGAS5005 to iden-
tify M1UK based on previously reported character-
istic M1UK SNVs (1). We constructed phylogenetic
trees by using kSNP3.0 software (9). We identified ge-
nomic clusters by using a hierarchical cluster analy-
sis with a cutoff value of 10 SNVs as described (10).
We evaluated change of M1UK proportion among
M1 iGAS over time by using the x* test for trend in
proportions (trend test). We used the Fisher exact test
to assess equality of proportions. All p values were 2
sided, and we considered p<0.05 statistically signifi-
cant. We performed all analyses by using R software
version 3.4.3 (The R Foundation for Statistical Com-
puting, https:/ /www.r-project.org).

We submitted all whole-genome sequencing data
files of the study isolates to the National Center for
Biotechnology Information Sequence Read Archive
(BioProject no. PRINA395240). Accession numbers of
the 86 M1, isolates are provided (Appendix Table
4, https://wwwnc.cdc.gov/EID/article/29/10/23-
0675-Appl.pdf).

During 2019-2021, a total of 603 cases of M1 iGAS
infections were documented through ABCs. Among
those cases, 65 (11%) were caused by the M1, clone
(Figure 1, panel A), and the percentage was signifi-
cantly higher than that observed during 2015-2018
(1.7%, 21/1,230; p<0.001). The trend test indicated a
significant increasing trend in the M1 proportion
among M1 iGAS isolates during 2015-2021 (p<0.001).
During 2015-2021, most M1, cases (67/86) were
concentrated in 3 states: Georgia (41 cases,) Tennes-
see (13 cases), and New York (13 cases), although the
M1, clone was found in 9 of the 10 ABCs sites (Fig-
ure 1, panel B). Nearly one third of all M1 infections
(28/86) occurred in the first quarter of 2020 (Figure 1,
panel B). During 2015-2021, a total of 12 iGAS isolates
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were identified as the intermediate lineages, contain-
ing 13 (n =4) or 23 (n = 8) of the 27 characteristic M1,
SNVs (Appendix Figure 1), and they did not show
significant expansion from 2015-2018 through 2019-
2021 (p = 0.07).

Phylogenetic analysis of the 86 M1 isolates
showed 9 distinctive genomic clusters (Figure 2).
Each genomic cluster contained 2-21 genomically
closely related isolates, and collectively those clus-
ters accounted for 74 (86%) of all M1, isolates (Fig-
ure 2). For 2 M1 isolates within a same cluster,
the median pairwise genomic distance was 3 SNVs
(interquartile range [IQR] 1.5-6), consistent with
continued transmission from a recent introduction
event. However, for 2 M1 isolates not in the same
cluster, the median pairwise genomic distance was
33 SNVs (IQR 28-38), indicating some degree of ge-
nomic diversity within M1, although not as much
as the diversity observed among 100 randomly se-
lected globally circulating M1 GAS clone isolates
in ABCs, 2015-2021 (median 63 SNVs, IQR 49-115).
(Appendix Figure 1).

The clusters displayed clear signatures of tempo-
ral and geographic relatedness (Appendix Figure 2).
For example, the largest cluster, cluster_1, showed a
sharp increase of cases at the beginning of 2020, fol-
lowed by a rapid decrease. The second largest clus-
ter, cluster 2, showed relatively stable case numbers
spanning from the third quarter of 2018 to the third
quarter of 2020. Within a genomic cluster, most M1,
iGAS were identified in 1 or 2 states, suggesting a lo-
calized spread of the infection.

Overall, M1, and non-M1,, M1 isolates had
many common genetic features of the contemporary
M1 S. pyogenes strain (Table). The M1, clone had a
higher proportion of isolates that had the streptococ-
cal pyrogenic exotoxin gene speC (4.7 % [4/86] vs. 1.4%
[24/1,747]; p = 0.039), the super antigen A gene ssa
(2.3% [2/86] vs.0.1% (2/1,747]; p = 0.012), and the ex-
tracellular streptodornase D gene sdal (also known as
sdaD2;100% [86/86] vs. 92% [1,613/1,747]; p = 0.002).
The speC and ssa genes were found in 4 nonclustered
M1, isolates, of which 2 isolates had both genes, sug-
gesting acquisition of prophage ®PHKU488.vir (5).

Patients infected by the M1 ;, strain showed simi-
lar age, sex, and syndrome distribution compared
with patients infected by non-M1,, M1 GAS (Table),
except that M1, isolates were more likely to be found
in patients with pneumonia (33% vs. 22%; p = 0.033).
The case-fatality rate was high for M1 iGAS infec-
tion (22%) although it was not significantly different
from that of non-M1,, M1 iGAS (15%; p = 0.089).
In subgroup analysis stratified by time (2015-2018,

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023
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Figure 1. Expansion of M1, lineage in serotype M1 iGAS in the
United States, 2015-2021. A) Counts and percentages of M1,
isolates among M1 iGAS isolates in ABCs during 2015-2021.
B) Number of M1, infections over time in 9 states that are part
of the ABCs system. Key shows total number of M1 infections
during 2015-2021 for each state. ABCs, Active Bacterial Core
Surveillance System; iGAS, invasive group A Streptococcus
disease; Q, quarter.

2019-2021) and location (GA, TN, and NY only), M1,
isolates were associated with higher proportions of
speC, ssa, sdal, and pneumonia compared with non-
M1, isolates in all 3 subgroups (Appendix Tables
1-3), except for speC in 2019-2021. The difference in
subgroup analysis was generally not statistically sig-
nificant, potentially caused by smaller sample size
and reduced power in a subgroup.

Conclusions

This study demonstrates a substantial increase of
M1, lineage during 2019-2021 in the ABCs sites in
the United States. Additional data are needed to de-
termine variance in M1, iGAS incidence across states
outside the 10 states in ABCs. The proportion of M1
iGAS in ABCs remains much lower than that reported
in England (3), Australia (5), and the Netherlands (4).
We documented the mode of expansion for the M1
lineage in the United States by determining whether
the 86 M1, iGAS cases could be explained by 1 recent
introduction or multiple ones. We tracked the shape
and characteristics of epidemiologic curves for each
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cluster, which could help understand different pat- genomic clusters in which each cluster was mostly
terns of disease transmission. The increase was asso- found in only 1 or 2 states. The results suggested
ciated with the formation and expansion of multiple that the M1, clone might have been introduced and

Figure 2. Genomic clusters of M1, invasive group A Streptococcus disease, United States, 2015-2021. Core-genome phylogenetic tree
of 86 M1, invasive group A Streptococcus disease isolates and the reference M1 genome MGASS5005 was based on 462 core single-
nucleotide variant sites generated by kSNP3.0 software (9). Tip colors indicate 9 groups of genomically closely related isolates (genomic
clusters). Key shows total number of M1, isolates in each cluster. Scale bar indicates expected nucleotide substitutions per site.
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Table. Strain and patient features of M1k iGAS compared with other M1 iGAS in ABCs, United States, 2015-2021

M1 iGAS, no. (%) cases

Characteristic M1y, n = 86 Non-M1y, n = 1,747 p valuet
Strain featuret
Antimicrobial susceptibility
Penicillin nonsusceptible 0 0 1.000
Erythromycin nonsusceptible 0 21 (1.2) 0.621
Clindamycin nonsusceptible 0 20 (1.1) 1.000
Tetracycline nonsusceptible 0 18 (1) 1.000
Levofloxacin nonsusceptible 0 9 (0.5) 1.000
Pyrogenic exotoxin genes
speA 86 (100) 1,720 (98.5) 0.635
speC 4 (4.7) 24 (1.4) 0.039
speG 86 (100) 1747 (100) 1.000
speH 0 1(0.1) 1.000
spel 0 1(0.1) 1.000
spel 86 (100) 1,747 (100) 1.000
speK 0 2(0.1) 1.000
speL 0 0 1.000
speM 0 0 1.000
Ssa 2(2.3) 2(0.1) 0.012
smeZ 85 (98.8) 1,737 (99.4) 0.411
Other virulence factors
hasA hyaluronic acid synthetase, capsule 86 (100) 1,03 (97.5) 0.266
Virulence-associated DNase, SDA1§ 86 (100) 1,613 (92.3) 0.002
Patient characteristic
Age,y
<18 12 (14) 233 (13.3) 0.871
18-34 5(5.8) 178 (10.2) 0.266
35-49 19 (22.1) 333 (19.1) 0.484
50-64 21 (24.4) 445 (25.5) 0.899
65-74 15 (17.4) 289 (16.5) 0.768
>75 14 (16.3) 269 (15.4) 0.762
Sex
M 41 (47.7) 955 (54.7) 0.223
F 45 (52.3) 792 (45.3) 0.223
Clinical syndrome
Cellulitis 25 (29.1) 633 (36.2) 0.205
Bacteremia without focus 11 (12.8) 276 (15.8) 0.544
Pneumonia 28 (32.6) 384 (22.0) 0.033
Necrotizing fasciitis 5(5.8) 147 (8.4) 0.546
Streptococcal toxic shock syndrome 7(8.1) 95 (5.4) 0.328
Death 19 (22.1) 260 (14.9) 0.089

*ABCs, Active Bacterial Core Surveillance System; iGAS, invasive group A Streptococcus disease.

1By Fisher exact test.

FAll strain features, including antimicrobial susceptibility, pyrogenic exotoxin genes, and other virulence factors, were inferred from whole-genome

sequencing data.

§Detecting genetic marker for the sdal gene (GenBank accession no. AY452036.1), which is identical to the sdaD2 gene (M5005_Spy1415; GenBank

accession no. AAZ52033.1).

circulated in different geographic locations in the
United States, rather than spreading from a recent
single introduction event.

In 2020, emm1 was the leading cause of iGAS
only in Georgia and New York in ABCs. In that
year, the proportion of M1, isolates among emm1
iGAS was 38% (16/42) in Georgia and 25% (5/20) in
New York. It appeared that M1, lineage followed
the same state preferences as M1 in general. In re-
cent years, there were rapidly expanding clusters
of emm types that were not historically so preva-
lent within several different states, mostly pattern
E lineages (emm11,49,82,92,60) and pattern D lin-
eages (emm83,59,81), which was associated with
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increasing proportions of disadvantaged persons
and led to drastic changes in emm type distribu-
tions in those states (11,12).

Although the speC and ssa genes were associ-
ated with M1 isolates, they were present in <5%
of these isolates, and the biologic role of this asso-
ciation is unclear. It is crucial to monitor the spread
of this variant and the associated virulence determi-
nants to inform development of effective prevention
and treatment strategies.

This study used the Streptococcus pyogenes multilocus
sequence typing website (https://pubmlst.org/
organisms/ streptococcus-pyogenes) hosted at the
University of Oxford.
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Estimate of COVID-19 Deaths,
China, December 2022—
February 2023

Zhanwei Du, Yuchen Wang, Yuan Bai, Lin Wang, Benjamin John Cowling, Lauren Ancel Meyers

China announced a slight easing of its zero-COVID rules
on November 11, 2022, and then a major relaxation on
December 7, 2022. We estimate that the ensuing wave
of SARS-CoV-2 infections caused 1.41 million deaths in
China during December 2022—February 2023, substan-
tially higher than that reported through official channels.

For almost 3 years, China maintained a zero-COVID
policy that effectively suppressed SARS-CoV-2
transmission. China began rolling back those rules
on November 11, 2022, and ended most restrictions
on December 7, 2022 (China Focus, 2023, https://
english.news.cn/20221207 / ca014c043bf24728b8dcbc
0198565fdf/c.html), in response to the reduced
severity of the Omicron variant or the growing so-
cioeconomic and political costs of the restrictions.
COVID-19 immediately surged; China reported near-
ly 82,000 COVID-19-related deaths during December
16, 2022-February 17, 2023 (1).

In December 2022, China disbanded its national
COVID testing system and twice modified its criteria
for classifying COVID-19-related deaths (2,3). The re-
sulting uncertainties in reported occurrences and low
official death counts have spurred speculation that
official mortality reports from China substantially
underestimate the full burden of the December 2022~
January 2023 wave (4). In early December of 2022, the
Chinese Center for Disease Control and Prevention
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(China CDC) launched a sentinel household surveil-
lance program, tracking SARS-CoV-2 test positivity
in 420,000 people in 22 provinces across China (5).
We used those data to estimate a plausible range for
the total number of COVID-19-related deaths during
December 2022-January 2023. We classified a death
as COVID-19-related if it occurred within 28 days of
confirmed infection (6).

The Study

We estimated COVID-19-related deaths by using
an individual-based simulation that incorporated
daily test positivity reports from the China CDC
sentinel household surveillance system during De-
cember 16, 2022-January 19, 2023. We also incor-
porated age-specific vaccination and boosting rates
reported in China and published estimates of infec-
tion fatality rates, vaccine effectiveness, and rates
of immunity waning. We built a stochastic model
to generate COVID-19 death reports from infec-
tions occurring during December 8, 2022-January
19, 2023, in a population of 1 million persons whose
ages were randomly assigned according to the na-
tional age distribution in China. Each simulation
was based on the reported SARS-CoV-2 test positiv-
ity rate (5) to stochastically determine the number
of persons who would have initially tested positive
on that day. Those testing positive were assigned a
vaccination history generated stochastically from
the daily age-specific vaccination rates reported
in China (7) and given a level of vaccine-acquired
protection against death based on the date of their
last dose and published estimates for vaccine effec-
tiveness (7). The simulation used that value and the
age-specific infection-fatality rate (Leung K, Leung
GM, Wu J, unpub. data, https://www.medrxiv.
org/content/10.1101/2022.12.14.22283460) to deter-
mine probabilistically whether the patiet died from
COVID-19 (Appendix, https://wwwnc.cdc.gov/
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EID/article/29/10/23-0585-Appl.pdf). Results were
based on 1,000 model simulations. We conducted
sensitivity analyses for assumed age-specific vaccine
effectiveness (VE) against death, population size,
and increase in infection-fatality rates as the health-
care system in China reached capacity.

The sentinel surveillance report from China CDC
suggests that roughly 90% of China’s population were
infected during the focal 35-day period (5). This large
and rapid wave caused ~1.41 (95% credibility interval
[Crl] 1.14-1.73) million deaths across China; 0.80 (95%
CrI0.60-1.05) million of those deaths occurred among
adults >80 years of age. Estimated COVID-19 mor-
tality rates (per 1 million population) ranged from
roughly 0 (95% Crl 0-17) among children <9 years of
age to 22,400 (95% Crl 16,500-30,000) among adults
>80 years of age (Figure; Appendix Tables 2, 3).

Conclusions

COVID-19 deaths are related to a variety of health
complications, including septic shock, multiorgan
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failure, respiratory failure, heart failure, and second-
ary infections (8). China’s official reports may under-
estimate the COVID-19 death toll by a factor of 17
(95% Crl 14-22). Our analyses suggest that, in barely
a month, COVID-19 killed >1 million persons in Chi-
na. The difference between China’s official mortality
reports and our estimates may stem from delays in
hospital reporting (9), omission of deaths happening
outside of hospitals (2), gaps in China’s vital registra-
tion system (4), or intentional reclassification after the
insurance industry in China largely stopped covering
COVID-19 in December 2022 (South China Morning
Post, December 17, 2022, https://www.scmp.com/
news/china/science/article/3203695/ chinas-covid-
19-patients-face-insurance-battle-over-pandemic-
related-payouts).

As our findings indicate, the relaxation of Chi-
na’s zero-COVID policies in late 2022 precipitated an
explosive wave of infections that caused an estimat-
ed 1,000 (95% Crl 843-1,230) deaths/1 million popu-
lation. By comparison, during the large Omicron

Figure. Estimated SARS-CoV-2
infection incidence in China
during December 16, 2022—
January 19, 2023, and resulting
COVID-19 mortality rates. A)
Estimated cumulative infection
and mortality rates (per 1 million
population) during December 8,
2022—February 7, 2023, based
on test positivity data from the
Chinese Center for Disease
Control and Prevention sentinel
community surveillance system,
reported on January 26, 2023
(5). Gray shading indicates 95%
credibility intervals derived from
1,000 stochastic simulations.

B) Estimated age-specific
COVID-19 mortality rates
(deaths/1 million population, log
scale), based on simulations
that incorporate vaccine timing,
coverage, effectiveness, and
waning in each age group.
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surges in early 2022, reported maximum 52-day mor-
tality rates (deaths/1 million population) were 345
for the United States, 144 for the United Kingdom,
and 1,166 for Hong Kong (I1). Hong Kong’s high
COVID-19 mortality rate may have resulted from
its large proportion of older adults and relatively
low vaccination rates in this vulnerable group; 26%
of Hong Kong’s population is >60 years of age, and
only 49% of that population had received >2 doses
of a SARS-CoV-2 vaccine before March 2022 (10).
By comparison, 90% of Australia’s population >60
years of age, which comprises 22% of the total popu-
lation, were double-vaccinated by March 2022; the
peak 52-day mortality rate in Australia was roughly
88% lower than that of Hong Kong (137 deaths/1
million population) (10).

The unprecedented speed and severity of the
wave in China is not surprising, given lack of in-
fection-acquired immunity, moderate effective-
ness of vaccines commonly administered in Chi-
na, relatively low vaccine coverage in the oldest
populations, and limited access to effective anti-
viral drugs. Mainland China had among the low-
est estimated levels of excess mortality during the
COVID-19 pandemic in 2020 and 2021 compared
with 74 other countries worldwide (11), perhaps
because of China’s dynamic zero-COVID strategy.
The abrupt relaxation of zero-COVID rules without
measures to protect high-risk populations likely led
to the surge in hospitalizations and deaths we ex-
amined. As of June 21, 2023, the cumulative report-
ed mortality rate in China is 85 deaths/1 million
persons, considerably lower than rates for countries
such as the United States (3,332/1 million persons),
which sustained high levels of mortality before De-
cember 2022, and Japan (603/1 million persons),
which experienced a substantial wave starting in
December 2022, around the same time as China
(E. Mathieu et al., 2020, https://ourworldindata.
org/coronavirus). Our estimates suggest that Chi-
na’s true death toll is closer to 1,014 deaths/1 mil-
lion persons, roughly double that of Japan and 30%
of that of the United States.

Our estimates are robust to moderate changes
in the assumed age-specific vaccine efficacy and in-
fection-fatality rates (Appendix Table 4). If the large
surge in COVID-19 hospitalizations in late 2022 and
early 2023 compromised patient care, we may have
significantly underestimated the overall mortality
rate. Assuming that COVID-19 mortality increased
by a factor of 3.39 during China’s 3-day peak in re-
ported test positivity (based on an estimate from a
COVID-19 healthcare surge in Hong Kong in March
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2022 [12]), our estimate of overall mortality increases
to 2.11 (95% Crl 1.71-2.60) million.

Our findings rely on the validity of data from the
China CDC’s sentinel household surveillance pro-
gram, which might have some quality issues (e.g.,
double counting of persons who test multiple times).
China CDC reports include graphs of daily positiv-
ity in this sample that enable rapid approximation of
epidemic trends on a national scale (5). In addition,
we assume that reported vaccinations were the only
source of prior immunity and that all infections were
by Omicron variants; surveillance data suggest that
only 0.4% of specimens collected during this period
were not Omicron (5).

In summary, our study suggests that the official
mortality reports from China substantially underesti-
mate the full burden of the December 2022-January
2023 COVID-19 wave, raising concerns about the ac-
curacy and transparency of China’s reporting system,
as well as potential underestimation of reports from
other countries that limit data collection and report-
ing. The decision to relax China’s zero-COVID poli-
cies without adequate measures to protect high-risk
populations had severe consequences. Other coun-
tries prioritized vaccines for older age groups and
other vulnerable populations (13), and many studies
have indicated that targeting medical countermea-
sures and protective measures toward groups with
high infection-fatality rates can be life and cost sav-
ing (14,15). We expect that the true toll of COVID-19
in China will become clearer as additional epidemio-
logic data become available.
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Mpox in Children and
Adolescents during Multicountry
Outbreak, 2022—-2023
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The 2022-2023 mpox outbreak predominantly affected
adult men; 1.3% of reported cases were in children and
adolescents <18 years of age. Analysis of global surveil-
lance data showed 1 hospital intensive care unit admis-
sion and 0 deaths in that age group. Transmission routes
and clinical manifestations varied across age subgroups.

pox is a zoonotic disease caused by monkey-

pox virus (MPXV) and previously found pri-
marily in forested areas of Central and West Africa
(1,2). In May 2022, a multicountry outbreak of mpox
emerged; as of May 2023, there were >87,500 cases
and 141 deaths reported from 111 World Health Or-
ganization (WHO) member countries (3). Globally
1.3% of reported cases during the outbreak have been
in children and adolescents <18 years of age (3). Dur-
ing 1970-2021, mpox cases in Central Africa were
predominately (54%-90%) reported in children (4-6),
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and children experienced more severe disease and
adverse outcomes than adults (6,7).

After the first cases of mpox from countries with-
out a history of the disease were reported to WHO in
May 2022, a global surveillance system was established
to collect aggregated data on probable and confirmed
cases, as well as detailed case-based information on
demographics, medical history, clinical manifesta-
tions, exposure factors, and testing (8). We describe
epidemiologic and clinical characteristics of mpox in
case-patients <18 years of age using surveillance data
reported by all WHO regions during January 1, 2022~
May 22, 2023 (https:/ /www.who.int/publications/i/
item/ WHO-MPX-Surveillance-2022.4).

The Study

During the study period, 1.3% (1,118/84,614) of con-
firmed mpox cases globally were in patients <18 years
of age. Most (61.8%, 691) were from the WHO Region
of the Americas, followed by the African Region
(30.3%, 339), the European Region (7.5%, 84), the East-
ern Mediterranean Region, (<1%, 3), and the Western
Pacific Region (<1%, 1) (Figure 1). No cases in patients
<18 years of age were reported from the South-East
Asia Region. Countries in the African Region report-
ed mpox cases before the global outbreak (Figure 1),
whereas reports of mpox cases in Europe and in the
Americas began in May 2022 and peaked in July-Au-
gust 2022. In Europe and the Americas, the epidemic
curve of case-patients <18 years of age closely mim-
ics the overall regional curves (3). The global percent-
age of case-patients <18 years of age has consistently
remained low (0%-3%). By May 2023, overall case

These first authors contributed equally to this article.
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counts were low across all regions; the Americas, the
Eastern Mediterranean Region, and the Western Pa-
cific Region reported sporadic case-patients <18 years
of age. Among the 1,102 case-patients <18 years with
availableinformation, 59.3% (654) weremaleand 40.7 %
(448) female (Appendix Figure, https://wwwnc.
cdc.gov/EID/article/29/10/23-0516-Appl.pdf).
MPXV has 2 distinct clades, I and I1 (9). Virus clade
information was not available for most cases and was
assumed on the basis of the reporting country or sub-
national area and circulating clades in 2022, as report-
ed by countries on GISAID (https://www.gisaid.
org) or Nextstrain (https://nextstrain.org), in pub-
lished literature, or to WHO. Of the 297 cases of mpox
from countries reporting clade I, all age groups had a
similar sex distribution (Appendix Figure, panel A).

Of the 805 cases of mpox from countries reporting
clade II, there were more male than female case-pa-
tients (269 vs. 104) among those 13-17 years of age.
(For cases from Cameroon, 4 from eastern Cameroon
are included in the clade I distribution, 1 from west-
ern Cameroon is included in the clade II distribution,
and 1 for which we had no detailed geographic in-
formation was excluded.) Of case-patients with avail-
able hospitalization data, 47/335 (14.0%) were hospi-
talized and 1 was admitted to the intensive care unit;
none was reported to have died.

Data on self-reported sexual behavior were lim-
ited for mpox case-patients <18 years of age. Howev-
er, 37/166 (22.3%) of case-patients 13-17 years of age
self-identified as men who have sex with men (MSM)
(Table 1). Eleven cases involved persons living with

Figure 1. Epidemic curves of mpox cases among children and adolescents <18 years of age, grouped by World Health Organization
regions, January 2022—May 2023. Dates represent the week of symptom onset, or the week of diagnosis or reporting if the date of
symptom onset is unknown. A) African Region; B) Eastern Mediterranean Region; C) European Region; D) Region of the Americas; E)

Western Pacific Region.

2126

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023



Mpox in Children and Adolescents, 2022-2023

Table 1. Main epidemiologic characteristics of mpox in children and adolescents reported globally, January 2022—May 2023*

No. (%) case-patients, by age group

Characteristic 04y 5-12y 13-17y Total
Total 328 (29.3) 353 (31.6) 437 (39.1) 1,118 (100)
Sex

M 168 (51.2) 182 (51.6) 304 (69.6) 654 (58.5)

F 154 (47.0) 170 (48.2) 124 (28.4) 448 (40.1)

Unknown 6 (1.8) 1(0.3) 9(2.1) 16 (1.4)
Sexual behavior

MSM 0 0 37 (8.5) 37 (3.3)

Non-MSM 0 43 (12.2) 119 (27.2) 162 (14.5)

Unknown 328 (100.0) 310 (87.8) 281 (64.3) 919 (82.2)
HIV status

HIV+ 0 2(0.6) 9(2.1) 11 (1.0)

HIV- 84 (25.6) 94 (26.6) 163 (37.3) 341 (30.5)

Unknown 244 (74.4) 257 (72.8) 265 (60.6) 766 (68.5)
Immunosuppressed

Yes 1(0.3) 2 (0.6) 4(0.9) 7 (0.6)

No 116 (35.4) 119 (33.7) 176 (40.3) 411 (36.8)

Unknown 211 (64.3) 232 (65.7) 257 (58.8) 700 (62.6)
Known epidemiological link

Yes 26 (7.9) 18 (5.1) 23 (5.3) 67 (6.0)

No 41 (12.5) 51 (14.4) 134 (30.7) 226 (20.2)

Unknown 261 (79.6) 284 (80.5) 280 (64.1) 825 (73.8)

*Percentages are calculated by column for each epidemiologic characteristic grouping. Unknown means that the information for the variable is missing.

MSM, men who have sex with men.

HIV, 1 of whom was immunosuppressed. Another
6 case-patients reported immunosuppression, as de-
fined by their care providers, that was caused by un-
disclosed medical conditions. Overall, 67/293 (22.9%)
of cases with information provided had a stated epi-
demiologic link to a known mpox case.

Case-patients 0-12 years of age were exposed
to MPXV mainly through physical person-to-person
contact (excluding sexual contact) or contact with
fomites, whereas exposure through sexual encounter
was exclusively reported by those 13-17 years of age
(Figure 2). Among the older group, some of whom
self-identified as MSM, sexual transmission may ex-
plain the unequal sex distribution of clade II cases
(Appendix Figure, panel B). The type of transmis-
sion was reported as other in 32/118 (27.1%) of cases,
without additional information.

Among cases with data, 472/542 (87.1%) experi-
enced symptoms (Table 2). We excluded from analy-
sis cases reported to be symptomatic but without any
specific symptom. The presence of any rash, which
consisted of >1 rash symptoms (on the body, oral,
genital, or unknown location), was the predominant
symptom for all age groups (325/542, 60%); genital
rash was present in 54/229 (23.6%) of case-patients
13-17 years of age and 19/313 (6.1%) of those <13
years of age (p<0.00001). Among case-patients 13-17
years of age who reported being infected through
sexual contact, genital rash was present in 15/34
(44.1%). Genital rash may be indicative of the trans-
mission route of mpox but can also be present when
transmission has not occurred through sexual con-

tact. After rash, the most reported symptoms were fe-
ver (270/542, 49.8%) and headache (158/542, 29.2%).
Lymphadenopathy has been reported as a common
mpox symptom (1,6); it was reported in 60/542
(11.1%) of cases in our study.

Conclusions

During this outbreak, countries with high caseloads
reported most of the case-patients <18 years of age,
however, the percentage of pediatric and adolescent
patients in those countries was lower than that for
adults. The percentage of patients <18 years of age
was lower than had been feared early in the outbreak,
amid concerns that the epidemic could shift from pri-
marily affecting MSM to a more generalized epidemic
spread, including among school-age children. Epide-
miologic and clinical characteristics were similar for
the age groups 0-4 and 5-12 years, whereas case-
patients 13-17 years of age, who are more likely to
be sexually active, commonly reported MSM sexual
behavior, exposure through sexual contact, and hav-
ing more genital lesions.

Studies from the Netherlands (10), Spain (11),
England (12), and the United States (13,14) have de-
scribed MPXV infection among children and adoles-
cents during this outbreak. Consistent with our find-
ings, most cases in those studies reported no intensive
care unit admissions or deaths; WHO is aware of the
death of an infant from mpox clade I for which data
are not available (3). Our results differ from historical
reports of mpox in children, in which they have been
described as at higher risk for adverse events and
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Figure 2. Mpox cases by
transmission type by age group
among children and adolescents
<18 years of age, as reported
globally to the World Health
Organization, January 2022—
May 2023. A) Absolute numbers;
B) percentage among all cases
with available information.

death related to disease (15). A previous study using
the same surveillance data found higher odds of hos-
pitalization for children <5 years of age than for those
15-45 years of age (8). The lower observed severity
in children and adolescents in this outbreak than for
previous outbreaks may be caused by a combination
of increased ascertainment of mild cases, differing ac-
cess to healthcare between settings, differing health
status of the host populations, and lower virulence

of clade IIb MPXV; clade I MPXV infection has been
reported to be associated with higher severity than
clade II (1).

Our study is based on surveillance data and like-
ly underestimates the true number of case-patients
<18 years of age, particularly in Africa (8). Disease se-
verity may be underestimated because countries may
not have updated case outcomes if hospitalization or
death was delayed. Finally, data completeness varied

Table 2. Main symptoms of mpox in children and adolescents reported globally among cases with symptom data, January 2022—

May 2023*

No. (%) case-patients, by age group

Characteristic 04y 5-12y 13-17y Total
Total 156 (28.8) 157 (28.9) 229 (42.3) 542 (100)
Any symptoms

Yes 124 (79.5) 132 (84.1) 216 (94.3) 472 (87.1)

No 32 (20.5) 25 (15.9) 13 (5.7) 70 (12.9)
Any rash

Yes 77 (49.4) 4 (53.5) 164 (71.6) 325 (60.0)

No 79 (50.6) 3 (46.5) 65 (28.4) 217 (40.0)
Genital rash

Yes 8 (5.1) 11 (7.0) 54 (23.6) 73 (13.5)

No 148 (94.9) 146 (93.0) 175 (76.4) 469 (86.5)
Fever

Yes 66 (42.3) 3 (46.5) 131 (57.2) 270 (49.8)

No 90 (57.7) 4 (53.5) 98 (42.8) 272 (50.2)
Headache

Yes 18 (11.5) 44 (28.0) 96 (41.9) 158 (29.2)

No 138 (88.5) 113 (72.0) 133 (58.1) 384 (70.8)
Any lymphadenopathy

Yes 4 (2.6) 11 (7.0) 45 (19.7) 60 (11.1)

No 152 (97.4) 146 (93.0) 184 (80.3) 482 (88.9)

*Percentages are calculated by column for each symptom.
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among regions and countries; thus, our results may
not be representative of each setting.

This study highlights the need for thorough epi-
demiologic investigation of mpox in children and ad-
olescents. Clinicians should consider mpox as a pos-
sible diagnosis in these age groups when they have
indicative symptoms, even with no known epidemio-
logic link to another case.
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Outbreak of Sexually
Transmitted Nongroupable
Neisseria meningitidis—
Associated Urethritis, Vietnam

Hao Trong Nguyen,* Thanh V. Phan,* Hau Phuc Tran, Thao Thi Phuong Vu, Nhi Thi Uyen Pham,
Tho Thi Thanh Nguyen, Ha Manh Bui, Bao Hac Duong, Thu Nguyen Anh Luu, Nguyen Nhat Pham,
Phuc Duy Nguyen, Tu Ngoc Le, Thu Quang Le, Dai Thi Trang Vo, Lan Trong Phan,

Nghia Van Khuu, Quang Duy Pham, Thuong Vu Nguyen

We report on an outbreak of nongroupable Neisseria
meningitidis—associated urethritis, primarily among men
who have sex with men in southern Vietnam. Nearly 50%
of N. meningitidis isolates were resistant to ciprofloxacin.
This emerging pathogen should be considered in the dif-
ferential diagnosis and management of urethritis.

Urogenital and anorectal infections caused by Neis-
seria meningitidis have been reported in several
countries and found to be more prevalent among men
who have sex with men (MSM) than among hetero-
sexual men or women (I1-3). During 2013-2016, rising
numbers of a novel clade of nongroupable N. menin-
gitidis (NmNG) urethritis were reported in multiple
US cities and have been termed US NmNG urethritis
clade (4). Two cases of US NmNG urethritis were also
documented among MSM in the United Kingdom in
2019 (5). We report an outbreak of urethritis associ-
ated with US NmNG urethritis clade among men in
southern Vietnam.

The Study

We conducted a matched case-control study to in-
vestigate N. meningitidis urethritis and risk factors
in men seeking treatment for urinary discharge at
Ho Chi Minh City Hospital of Dermato-Venereol-
ogy (HHDV; Ho Chi Minh City, Vietnam). Cases of

Author affiliations: Ho Chi Minh City Hospital of Dermato-
Venereology, Ho Chi Minh City, Vietnam (H.T. Nguyen, T.T.P. Vu,
N.T.U. Pham, T.T.T. Nguyen, H.M. Bui, B.H. Duong, T.N.A. Luu,
N.N. Pham); Pasteur Institute of Ho Chi Minh City, Ho Chi

Minh City (T.V. Phan, H.P. Tran, P.D. Nguyen, T.N. Le, T.Q. Le,
D.T.T. Vo, L.T. Phan, N.V. Khuu, Q.D. Pham, T.V. Nguyen)

DOI: https://doi.org/10.3201/eid2910.221596
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N. meningitidis urethritis were confirmed by either
real-time PCR or culture of urethral discharge. Con-
trols were matched to case-patients by age range and
sexual orientation (Appendix, https://wwwnc.cdc.
gov/EID/article/29/10/22-1596-Appl.pdf). ~ Dur-
ing September 2019-December 2020, we recruited 19
case-patients and 76 controls from HHDV (Appendix
Figure 1). We collected information on sociodemo-
graphic factors, sexual behaviors, and medical history
by face-to-face interviews and from medical records
(Appendix). The HHDV institutional review board
approved the study.

We identified N. meningitidis by using bacterial
culture and real-time PCR targeting the sodC gene
(6) and determined serogroups by using latex ag-
glutination and real-time PCR. We performed anti-
microbial susceptibility testing according to Clinical
and Laboratory Standards Institute guidelines (7).
We conducted whole-genome sequencing, then ana-
lyzed multilocus sequence types (MLST) in PubMLST
(https:/ /pubmlst.org/organisms/neisseria-spp). We
used BEAST (http://beast.community) to estimate
the time of bacterial arrival in Vietham and to con-
duct antimicrobial-resistance typing (Appendix). We
performed conditional logistic regression to assess
risk factors for US NmNG urethritis clade by using
Stata 14 (StataCorp LLC, https://www.stata.com).
We used a log likelihood-ratio test to select the best-
fitting model (Appendix).

The mean age of case-patients was lower than
that of controls (26.9 vs. 27.8 years). Condom use
was low in both case-patients and controls before
pyuria developed (5.3% of case-patients, 2.7% of

1These first authors contributed equally to this article.
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Table 1. Correlates of several selected factors among male patients with Neisseria meningitidis US NmNG urethritis and controls, Vietnam*

Cases, Controls, Univariable analysist Multivariable analysist
Variables n=19 n=76 OR (95% ClI) p value aOR (95% ClI) p value
Mean age, y 26.9 27.8 0.90 (0.75-1.07) 0.232 NA
Mean years of education 10.8 11.0 0.96 (0.75-1.23) 0.760
Currently living in Ho Chi Minh City 14 (73.4) 56 (73.7) 1.00 (0.30-3.28) >0.999
Living arrangements
Live with a female partner 1(5.3) 22 (30.1) Referent Referent
Live with a male partner 8 (42.1) 10 (13.7) 17.03 (1.83—-158.26) 0.013 14.41 (1.01-204.62) 0.049
Other, e.g., live alone, or with friends 3(15.8) 12 (16.4) 5.44 (0.65-45.54) 0.118 7.0 (0.61-80.24) 0.118
or family
Ever had sex with
Male sexual partners 14 (73.7) 49 (64.5) Referent
Female sexual partners 4(21.1) 16 (21.1) 0.41 (0.02-7.54) 0.551
Both male and female partners 1(5.3) 11 (14.5) 0.17 (0.01-3.17) 0.238
Ever had oral sex 19 (100.0) 74 (97.4) NA
Ever participated in group sex 1(5.3) 2 (2.6) 2 (0.18-22.06) 0.571
During past 12 mo
Oral or vaginal sex with female partner 4 (21.1) 44 (57.9) 0.10 (0.02-0.47) 0.004 0.13 (0.02-0.87) 0.035
Oral or anal sex with male partner 15 (78.9) 39 (51.3) 10.57 (1.28-87.34) 0.029 NA
Any casual partners 5(26.3) 34 (44.7) 0.39 (0.12-1.32) 0.131 NA
Commercial sex worker partner 3(15.8) 28 (36.8) 0.30 (0.08-1.15) 0.078
Drunkenness during sex 3(15.8) 23 (30.3) 0.33 (0.07-1.65) 0.177
Sex with a foreign-born partner in the 3(15.8) 1(1.3) 12.0 (1.25-115.36)  0.031 26.78 (1.03-697.82) 0.048
past month
Condom use during sex before symptom 1(5.3) 2(2.7) 1.81 (0.16-20.08) 0.628
onsett
Used social media sites to find sexual 13 (68.4) 32 (42.1) 4.07 (1.17-14.13) 0.027 NA
partners
Ever used ATS§ 1(5.3) 4 (5.3) 1.00 (0.10-10.07)  >0.999

*Values are no. (%) except as indicated. ATS, amphetamine-type stimulants; aOR, adjusted odds ratio; NA, not applicable; OR, odds ratio.
TConditional logistic regression.

$Symptoms were pyuria, dysuria, or both.

8Ecstasy, crystal meth (methamphetamine), or other substances used to increase excitement when having sex (also called chemsex).

Table 2. Correlates of demographic characteristics, STI symptoms and pathogens among male patients with N. meningitidis US
NmNG urethritis and controls, Vietnam*

Cases, Controls, Univariable analysist Multivariable analysist
Variables n=19 n=76 OR (95% CI) p value aOR (95% ClI) p value
Mean age, y 26.9 27.8 0.90 (0.75-1.07) 0.232 NA
Mean years of education 10.8 11.0 0.96 (0.75-1.23) 0.760 NA

Medical examination >3 d after symptom 13 (68.4) 11 (14.5) 18.41 (4.04-83.86) <0.001 16.00 (2.00-127.54) 0.009
onset

Symptoms
Pyuria 2(10.5) 10 (13.2) 0.79 (0.16-3.79) 0.764 NA
Dysuria 13 (68.4) 65 (85.5) 0.39 (0.12-1.19) 0.098 NA
Burning sensation during urination 2 (10.5) 57 (75.0) 0.05 (0.01-0.22) <0.001 0.08 (0.01-0.46) 0.005
Discharge 4(21.1) 16 (21.1) 1.00 (0.26-3.89)  >0.999
Time between symptom onset and medical consultation, d
Mean 4.7 3.0 1.92 (1.18-3.13) 0.009 NA
Median (range) 5(3-12) 3 (1-14)
History of meningococcal vaccine
Ever 0 1(1.3) NA
Never 12 (63.2) 51 (67.1) NA
Do not know, do not remember 7 (36.8) 24 (31.6) NA
Positive tests
HIV 2 (10.5) 6 (7.9) 1.36 (0.26-7.20) 0.716 NA
Syphilis 2 (10.5) 3(3.9) 2.67 (0.45-15.96)  0.283 NA
Gonorrhea 0(0.0) 75 (98.7) NA NA
Chlamydia 4(21.1) 7(9.2) 2.57 (0.67-9.83) 0.168 3.83(0.37-39.43)  0.258
Ureaplasma 1(5.3) 8 (10.5) 0.48 (0.06-4.01) 0.502 NA
Mycoplasma 1(5.3) 10 (13.2) 0.39 (0.04-3.10) 0.372 NA

*Values are no. (%) except as indicated. aOR, adjusted odds ratio; NA, not applicable; OR, odds ratio.
tConditional logistic regression.
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Figure 1. Plylogenetic tree

of isolates from an outbreak

of sexually transmitted
nongroupable Neisseria
meningitidis—associated
urethritis, Vietnam. Phylogenetic
tree was constructed using
Baysian Skygrid model,
performing with BEAST/
BEAGLE version 1.10.4 (https://
beast.community/beagle), and
displaying with FigTree version
1.4.4 (http://tree.bio.ed.ac.uk/
software/Figtree). Blue text
indicates ciprofloxacin-resistant
strains. Scale bar indicates the
time of evolutionary history.

controls). More case-patients than controls lived
with male partners (42.1% vs. 13.7%) and had sex
with foreign-born persons (15.8% vs. 1.3%). Multi-
variate analysis results showed that persons living
with male partners (adjusted odds ratio [aOR] 14.41,
95% CI 1.01-204.62) and having sex with foreign-
born persons (aOR 26.78, 95% CI 1.03-697.82) were
more likely to contract US NmNG urethritis (Table
1). Moreover, most (79%) case-patients reported sex
with male partners. Persons having oral or vaginal
sex with female partners in the past 12 months were
less likely to have US NmNG urethritis (aOR 0.13,
95% CI 0.02-0.87). Those findings suggest that the

2132

US NmNG outbreak was concentrated within the
MSM population.

Among 19 case-patients, 7 were co-infected
with >1 other pathogen: 2 (11%) cases of syphilis,
4 (21%) cases of chlamydia, and 1 (0.1%) case in-
volving both ureaplasma and mycoplasma. Ten
(83%) case-patients without co-infections and 6
(86%) with co-infections experienced >1 symp-
tom. Pyuria was reported in 2 (29%) co-infected
case-patients, and dysuria was reported in 10
(83%) case-patients without co-infections and
3 (43%) with co-infections (Appendix Table 1).
Most participants had not received meningococcal

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023



vaccines, nor recalled being vaccinated against N.
meningitidis (Table 2). The prevalence of HIV, syph-
ilis, and chlamydia infections was higher among
case-patients compared to controls but not statis-
tically significant, whereas gonorrhea was only
found in controls (98.7%) (Table 2). Multivariate
analysis showed that those who had US NmNG
urethritis were less likely to report burning sensa-
tions during urination (odds ratio [OR] 0.08, 95%
CI10.01-0.46) and more likely to delay seeking treat-
ment (OR 16.0, 95% CI 2.0-127.54) (Table 2).

In this study, uncomplicated gonorrhea was
treated with a single 500-mg intramuscular dose
of ceftriaxone, followed by either a 7-day course of
doxycycline (100 mg 2x/day) or a single 1,000-mg
dose of azithromycin. In Vietnam, gonococci isolated
in 2011 and during 2015-2016 increasingly resisted
antimicrobial drugs except for ceftriaxone, spectino-
mycin, and azithromycin (8). Moreover, 98.3% of N.
gonorrhoeae isolates were ciprofloxacin-resistant (9).
In a national survey conducted in Vietnam, 30% of
persons reported purchasing antibiotics primar-
ily for addressing symptoms, including genitouri-
nary manifestations, and 81.7% did so without a

Sexually Transmitted N. meningitidis Urethritis

prescription; ciprofloxacin was among the top 5 an-
timicrobial drugs acquired (10). In another study
among MSM in Vietnam, 64% reported ever taking
antibiotics without a prescription (11).

The US NmNG urethritis clade in our study
displayed intermediate susceptibility to penicillin,
with MIC values ranging from 0.125-0.38 mg/L.
Nine of the 19 isolates demonstrated resistance to
ciprofloxacin (MIC 0.19-3.0 pg/mL). MLST analy-
sis revealed that the isolates belonged to the se-
quence type 11 complex (Appendix Table 2). A phy-
logenetic tree displayed the isolates from Vietnam
and the United Kingdom forming a monophyletic
clade with those from Ohio, USA, one of the 2 US
NmNG urethritis clades (12) (Appendix Figure 2).
BEAST analysis estimated that the time of most re-
cent common ancestor of Vietnam and UK isolates
appeared between 2016 and 2018 (median 2017.3;
95% high posterior density interval 2016.4-2018.1),
with a Bayesian posterior probability of 1.0 (Figure
1; Appendix Figure 3).

All isolates carried the penA_316 allele and
point mutations that reduced their susceptibility to
penicillin (13). Nine ciprofloxacin-resistant isolates

Figure 2. Whole-genome analysis of isolates from an outbreak of sexually transmitted nongroupable Neisseria meningitidis—
associated urethritis, Vietnam. Comparison generated in RDP4 (https://rdp4.software.informer.com) for full length of 2,751-bp.

A) Tree shows the genetic relationship between isolate 20158_gyrA381 and gonococci_gyrA9 using unweighted pair group
method with arithmetic mean of the region derived from their parents, beginning at 1 to ending breakpoint at 337 bp. B) Bars show
potential recombination breakage points identified with at least 1 of the 7 methods contained in RDP4. NmB, N. meningitidis B;

NmC, N. meningitidis C.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023
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exhibited 2 new alleles in gyrA, assigned as gyrA_381
(n = 8), which had dual mutations at T91F and D95A,
and gyrA_382, which had monomutation at T911. We
used RDP4 (https:/ /rdp4.software.informer.com) to
analyze the full 2,751-bp length and found that
qyrA_381 received a fragment containing a mutation
from gonococci (Figure 2). Our study revealed that
isolates containing mutations at both T91F and D95A
in the gyrA gene displayed a high level of resistance
to ciprofloxacin, similar to that found in N. gonor-
rhoeae (14). Moreover, isolate 20158 had a mutation at
S87R of parC and the gyrA_381 allele had an elevated
MIC of 3 pg/mL.

The emergence of ciprofloxacin-resistant N. men-
ingitidis US NmNG urethritis clade in Vietnam is a
major concern, especially considering ciprofloxacin
resistance is rare in the United Kingdom and United
States (4,5). A previous study observed that strains
with MICs >0.064 mg/L were correlated with altera-
tions in gyrA (15). Hence, when specimens cannot be
cultured, gyrA-sequencing can be particularly useful
in predicting susceptibility of ciproloxacin.

Conclusions

We report an outbreak of US NmNG urethritis
among men in Vietnam, predominantly MSM. Hav-
ing sex with foreign-born persons and living with
male partners were factors strongly associated with
the disease. Isolates in this outbreak might have origi-
nated from the Ohio (USA) clade and were mainly re-
sistant to ciprofloxacin, which is commonly used for
prophylaxis against invasive meningococcal diseases
in Vietnam.

Symptoms among patients with US NmNG ure-
thritis were milder than those in controls with gono-
coccal urethritis. Because US NmNG urethritis is less
likely than gonococcal urethritis to manifest symp-
toms, clinicians should consider N. meningitidis when
managing patients with urethral discharge. Bacterial
culture should be routinely performed on urethritis
specimens that test N. gonorrhoeae-negative by nucle-
ic acid amplification tests to determine whether the
infection is caused by N. meningitidis. More studies
with larger sample sizes should be conducted to pro-
vide a more comprehensive picture of the burden and
clinical symptoms of US NmNG urethritis.

In conclusion, our findings emphasize the im-
portance of ongoing monitoring of appropriate use
of antibiotics and antimicrobial resistance to prevent
the further spread of resistant US NmNG urethritis
clade. Thus, clinicians should be aware of this emerg-
ing bacterium and include US NmNG in the differen-
tial diagnosis for urethitis.
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Norovirus
[nor’-0-vi‘ras]

Genus of viruses that cause viral gastroenteritis. Noro-
viruses are named after the original strain, “Norwalk
virus,” which caused an outbreak of acute gastroenteritis
among children at an elementary school in Norwalk, Ohio,
in 1968. Numerous outbreaks of disease with similar symp-
toms have been reported since, and the etiologic agents were
called “Norwalk-like viruses” or “small round-structured
viruses.” Noroviruses are transmitted primarily through
the fecal-oral route and are highly contagious; as few as 10
viral particles may infect a person.
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http:/ /www.cdc.gov/ncidod/dvrd/revb/ gastro/norovirus-qa.htm;
http:/ /www.medicinenet.com/norovirus_infection/article.htm

https://wwwnc.cdc.gov/eid/article/13/3/e1-1303_article

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

2135



DISPATCHES

Pseudomonas aeruginosa
High-Risk Sequence Type 463
Co-Producing KPC-2 and
AFM-1 Carbapenemases,
China, 2020—-2022

Piaopiao Zhang,* Wenhao Wu,! Nanfei Wang, Haiting Feng, Jie Wang,
Fang Wang, Yan Zhang, Hongchao Chen, Qing Yang, Yan Jiang,? Tingting Qu?

We report the clonal spread and evolution of high-risk
Pseudomonas aeruginosa sequence type 463 co-pro-
ducing KPC-2 and AFM-1 carbapenemases isolated
from hospital patients in China during 2020-2022. Those
strains pose a substantial public health threat and sur-
veillance and stricter infection-control measures are es-
sential to prevent further infections.

Carbapenemase—producing Pseudomonas  aerugi-
nosa poses a global threat to public health. Epi-
demics caused by this pathogen are associated with
high-risk clones (e.g., sequence type [ST] 235, ST277,
ST175, ST233 and ST111), particularly those clones
producing metallo-pB-lactamases; Verona integron-
encoded metallo-B-lactamase and imipenemase are
the most prevalent carbapenemase types (1,2). A
Klebsiella  pneumonine carbapenemase (KPC)-pro-
ducing clone, ST463, has emerged and become pre-
dominant in carbapenemase-producing P. aeruginosa
populations in China (3). Three P. aeruginosa strains
co-producing KPC and Alcaligenes faecalis metallo-p-
lactamase (AFM) were reported in 2022 and attrib-
uted to ST463 (4,5). During 2020-2022, we observed
the clonal spread of ST463 carbapenem-resistant P.
aeruginosa (CRPA) co-producing KPC-2 and AFM-1
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Run Shaw Hospital, Hangzhou (Y. Jiang); Key Laboratory of
Microbial Technology and Bioinformatics of Zhejiang Province,
Hangzhou (Y. Jiang)
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(KPC-2-AFM-1 CRPA) in a hospital in China, which
caused infections with high mortality. We report on
KPC-2-AFM-1 CRPA emergence and driving forces
that caused dissemination.

The Study

During September 2020-June 2022, 192 nondupli-
cated CRPA isolates were collected from 192 patients
admitted to a tertiary hospital in Zhejiang, China.
Among those isolates, carbapenemase-producing
Pseudomonas aeruginosa belonging to 10 different
STs reached an overall prevalence of 41.1% (79/192)
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/29/10/23-0509-Appl.pdf). We investigated
KPC-2-AFM-1 CRPA strains isolated from 8 patients;
3 strains were colonizers and 5 were associated with
infections (Table). The patients (6 men, 2 women)
were 45-90 years of age, and all had complicated con-
ditions and a history of intensive care unit admission.
Antimicrobial drugs active against KPC-2-AFM-1
CRPA (colistin in monotherapy) were given to 4 pa-
tients; 5 infected patients eventually died; the remain-
ing 3 patients, who only had bacterial colonization,
were discharged (Table).

All 8 isolates were ST463, had identical resis-
tance genes (Appendix Table 1) and type III secre-
tion system genotype exolU+/exoS+, and differed by
5-30 single-nucleotide polymorphisms, indicating
clonal dissemination (Appendix Figure 2). Each strain
had 1 chromosome and a plasmid containing the
B-lactamase gene bla, . ,. Alignment of the 8 plasmids
showed an identical backbone, but we noted major

1These authors contributed equally to this article.
2These senior authors contributed equally to this article.
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P. aeruginosa Co-Producing KPC-2 and AFM-1

Table. Demographics and clinical characteristics of 8 patients infected by Pseudomonas aeruginosa high-risk sequence type 463 co-

producing KPC-2 and AFM-1 carbapenemases, China, 2020-2022*

Patient Age, Underlying Sample Sample
no. Strain _ y/sex Ward conditions isolation date  type Infection type  Therapyt Outcome/Date
1 ZY94 90/M ICU Chronic kidney 2021 Feb 9 Sputum Pulmonary IMP, PTZ, Death/2021 Feb 10
disease infection COoL
2 ZY156  77IM ED Acute toxic 2021 Feb 25  Urine Urinary tract SCF Discharge/2021 Mar
encephalopathy colonization 13
3 ZY1012 63/F ICU Intraabdominal 2021 Jul 26 Ascites Intraabdominal CZA, LEV, Death/2021 Aug 20
malignancy infection COL
4 ZY1075 79/M ICU Chronic 2021 Aug 12 Urine Urinary tract NA Discharge/2021 Aug
cardiopulmonary colonization 13
disease
5 ZY1167 71/IM ICU Hematologic 2021 Aug 28 Sputum Pulmonary IMP, PTZ, Death/2021 Sep 13
malignancy infection COoL
6 ZY1214 45/M  Cardiac  Aortic dissection 2021 Aug 31  Urine Urinary tract SCF Discharge/2021 Sep
surgery colonization 8
7 ZY36 61/M ICU Chronic kidney 2022 Jan9  Sputum Pulmonary IMP, SCF, Death/2022 Jan 17
disease infection COL
8 ZY1710 90/F Geriatrics Gallbladder 2022 Apr 16  Sputum Pulmonary IMP Death/2022 Apr 17
carcinoma infection

*AFM, Alcaligenes faecalis metallo-B-lactamase; COL, colistin; CZA, ceftazidime/avibactam; ED, emergency department; ICU, intensive care unit; IMP,
imipenem; KPC, Klebsiella pneumoniae carbapenemase; LEV, levofloxacin, NA, not applicable (none); PTZ, piperacillin/tazobactam; SCF,

cefperazone/sulbactam.
tTherapy began after bacterial isolation and identification.

differences within the insertion region; the conserved
core bla,,., genetic platform insertion sequence (IS)
Kpn27-bla,,.,~ISKpn6 in plasmid p94 remained in-
tact, whereas ISKpn6 and several genes immediately
upstream (ISKpn6-open reading frame-kicA-open
reading frame) were absent in the other 7 plasmids
(Appendix Figure 3, panel A), forming a novel genet-
ic context for bla, . ,. All plasmids were designated as
type I plasmids (6) but had a 16-kb deletion of a mobi-
lization-related operon within the backbone (Appen-
dix Figure 3, panel B), supporting their nontransfer-
ability, which was confirmed by conjugation assays.
Using phylogenetic analysis of 125 ST463 ge-
nomes (68 from the National Center for Biotech-
nology Information Reference Sequence database
[https:/ /www.ncbi.nlm.nih.gov/refseq] and 57 from
our collection), we found that those genomes were
divided into 2 clades (Figure 1). Collection dates for
strains in clade 1 were much earlier than those for
clade 2. Clade 1 was primarily represented by clones
from the United States, and clade 1 isolates did not
harbor bla,,. or bla,, . The larger clade 2 originated
in China and most isolates in this clade carried bla,,;
we also detected bla,,, in clade 2. Independent evo-
lution of ST463 clones in China might be correlated
with sequential acquisition of bla,,.and bla,, . Paired
single-nucleotide polymorphism distances for clade 2
strains in a minimum spanning tree were mainly 0-60
(Appendix Figure 2), demonstrating a high degree of
relatedness among those isolates and clonal transmis-
sion of KPC-producing P. aeruginosa ST463 in China.
The 8 KPC-2-AFM-1 CRPAs clustered with 3 bla, ., -

carrying strains and formed a separate subclade in-

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

side clade 2 that was surrounded by bla, . -negative,
KPC-producing P. aeruginosa. Therefore, we inferred
that ST463 KPC-2-AFM-1 CRPA clones probably
arose from ST463 KPC-producing P. aeruginosa.

We could not map the genome sequences of clade
1 strains to the reference plasmid p94 (0% coverage),
indicating the absence of type I plasmids in ST463
clones outside of China. Using BLAST (https:/ /blast.
ncbi.nlm.nih.gov), we retrieved 40 homologous plas-
mids that had >50% coverage and >95% identity to
p94; all were type I plasmids carried by 14 different
P. aeruginosa STs (Appendix Figure 4), suggesting an
extensive horizontal transfer of type I plasmids within
a narrow host range. Plasmid phylogeny revealed that
all bla,. ,~encoding plasmids clustered together in an
independent branch, and separation of that branch
from closely related bla,,.,~negative plasmids might
be associated with acquisition of bla,., (Appendix
Figure 5). The presence of multiple copies of 1526 in
the bla,,. ,~adjacent region beyond the core platform
indicated a critical role for IS26 elements in remodel-
ing and resistance evolution of type I plasmids in the
ST463 lineage (Appendix Figure 4) (7). We deduced an
underlying evolutionary pathway: an ST463 P. aeru-
ginosa progenitor initially acquired a highly transfer-
able type I plasmid, which subsequently evolved into
a resistance plasmid through IS26-mediated insertion
events involving a bla,,.,~carrying region, then by
chromosomal integration of bla,.,  to form KPC-2-
AFM-1 CRPA. To further verify this hypothesis, we
conducted a genomic comparison between ZY94 and
the 1755 strain, which carried neither bla, . nor bla,

but was phylogenetically closest to the KPC-2-AFM-1
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CRPA cluster (Figure 1). The genome of 1755 was also
composed of 1 chromosome and 1 plasmid (p1755).
Plasmid p94 was highly homologous (coverage 81%,
identity 99.76%) to p1755 and might have evolved from
p1755 via IS26-mediated intermolecular transposition
of a bla,.,-carrying translocatable unit that targeted
an existing copy of 1526 (Appendix Figure 6, panel A).
Comparisons between their chromosomes identified
a redundant bla,. -containing, multidrug-resistance
fragment bracketed by 1S5564 in the same orientation,
which was flanked by two 6-bp (GCTAGA) target site
duplications (Appendix Figure 6, panel B), indicating a
site-specific insertion event.

All 8 isolates were resistant to [-lactams and
B-lactam/ B-lactamase inhibitors, including carbapen-
ems, ceftazidime/avibactam, fluoroquinolones, and

gentamicin, and were only susceptible to amikacin and
intermediately susceptible to colistin. We observed
synergistic inhibitory effects against all 8 strains when
we used combinations of ceftazidime/avibactam and
aztreonam (Appendix Table 1). Compared with P. ae-
ruginosa strain ATCC27853, all strains showed 4-fold
higher MICs for chlorhexidine, a commonly used med-
ical disinfectant, suggesting chlorhexidine tolerance
(Appendix Table 1) (8).

All 8 strains exhibited small colony variant phe-
notypes together with strong biofilm formation ca-
pacities (Appendix Table 2). To assess their stabil-
ity, desiccation resilience, and virulence, we selected
strains ZY94 (infecting strain) and ZY1214 (colonizing
strain) for further experiments. After we subcultured
in antimicrobial drug-free Luria-Bertani broth for 10

Figure 1. Phylogenetic analysis of Pseudomonas aeruginosa high-risk sequence type 463 strains co-producing KPC-2 and AFM-1

carbapenemases, China, 2020-2022. Core-genome phylogenetic tree was built for 125 P. aeruginosa sequence type 463 strains and
rooted in the midpoint. Red asterisks indicate the 8 carbapenem-resistant P. aeruginosa strains co-producing KPC-2 and AFM-1 from
a hospital in China. Presence and absence of bla,.,, and bla,.. genes are indicated in the outermost 2 rings. Collection year, indicated
by different shades of green, and location where each strain was isolated are indicated in the middle rings. The innermost shaded ring
indicates strains belonging to clade 1 or 2. Scale bar indicates nucleotide substitutions per site. AFM, Alcaligenes faecalis metallo--

lactamase; bla, B-lactamase; KPC, Klebsiella pneumoniae carbapenemase; NA, not available.
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Figure 2. Desiccation tolerance and virulence analyses of Pseudomonas aeruginosa high-risk sequence type 463 co-producing KPC-

2 and AFM-1 carbapenemases, China, 2020-2022. A) Carbapenem-resistant P. aeruginosa strains ZY94 and ZY1214 isolated from
hospital patients in China were evaluated for desiccation tolerance. Results are given as mean (SD) CFU/mL for each isolate before and
after 8 days of desiccation. Laboratory reference strain PAO1 and P. aeruginosa NDTH6412, which belongs to high-risk international
sequence type 235, were used as controls. B) Virulence was determined by using Kaplan-Meier survival curves of mice intraperitoneally
challenged with 1 x 107 CFUs of strain ZY94 or ZY1214, hypervirulent strain PA14, or nonvirulent P. aeruginosa strain ATCC9027. Mice
(10 per group) were monitored for 5 days and the number of dead mice was assessed each day. Mantel-Cox log rank tests were used to
calculate p values for survival curve comparisons between the different strains. AFM, Alcaligenes faecalis metallo-B-lactamase; CFUs,

colony forming units; KPC, Klebsiella pneumoniae carbapenemase.

days, ZY94 and ZY1214 retained stable small colony
variant phenotypes; their bla,,.,-carrying plasmid
and bla, ., . gene were both stably inherited (stability
was 93% for ZY94 and 95% for ZY1214). Both strains
survived for 8 days on a dry polystyrene surface at
higher rates than strains PAO1 and NDTH6412 (Fig-
ure 2, panel A). Furthermore, in mouse intraperito-
neal challenge models (Appendix), ZY94 and ZY1214
strains had significantly higher (=50%) lethality than
ATCC9027 (p<0.05), but were less virulent than the
PA14 strain (Figure 2, panel B).

Conclusions

We documented the persistent clonal spread of
ST463 KPC-2-AFM-1 CRPAs in a hospital in China
and provided insights into a potential evolutionary
pathway for KPC-2-AFM-1 CRPA formation. Ex-
tensive drug resistance, disinfectant and desiccation
resilience, strong biofilm formation, and high stabil-
ity constituted strategies for those strains to defend
against host and clinical challenges, thereby driving
persistent transmission of this high-risk clone. Infec-
tions caused by such pathogens might lead to high
death rates, especially in immunocompromised or
critically ill patients, highlighting the urgent need
for effective infection prevention and control poli-
cies. ST463 KPC-2-AFM-1 CRPA strains pose a sub-
stantial public health threat because of their exten-
sive drug resistance, considerable pathogenicity,

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

and ability to persist in the environment. Targeted
surveillance and stricter infection-control measures
are essential to prevent further infection outbreaks.
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Seafood-Associated Outbreak
of ctx-Negative Vibrio mimicus
Causing Cholera-Like llIness,
Florida, USA

Meer T. Alam,* Sarah R. Stern,* Devin Frison, Katie Taylor, Massimiliano S. Tagliamonte,
S. Sakib Nazmus, Taylor Paisie, Nicole B. Hilliard, Riley G. Jones, Nicole M. lovine,
Kartik Cherabuddi, Carla Mavian, Paul Myers, Marco Salemi, Afsar Ali,2 J. Glenn Morris, Jr. 2

Vibrio mimicus caused a seafood-associated outbreak in
Florida, USA, in which 4 of 6 case-patients were hos-
pitalized; 1 required intensive care for severe diarrhea.
Strains were ctx-negative but carried genes for other
virulence determinants (hemolysin, proteases, and types
I-IV and VI secretion systems). Cholera toxin—negative
bacterial strains can cause cholera-like disease.

ibrio mimicus, named because of its close meta-

bolic and genetic similarity to V. cholerae, is rec-
ognized globally as a cause of foodborne and water-
borne diarrheal disease (1-4). Limited data indicate
that V. mimicus incidence is lower than that reported
for V. parahaemolyticus and non-O1/non-O139 V.
cholerae but comparable to that of V. fluvialis (3,4).
Although some V. mimicus strains produce cholera
toxin (CTX) or a cholera-like toxin or have genes
from the ctx complex, most do not (1,5). Nonethe-
less, V. mimicus can cause severe, cholera-like ill-
ness; the hospitalization rate among case-patients
reported in 2014 (the most recent year for which data
are available) to the Centers for Disease Control and
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Prevention is 57% (3). We report a seafood-associat-
ed outbreak caused by V. mimicus in Florida, USA, in
which 4 of 6 patients required hospitalization.

The Study

In June 2019, the Florida Department of Health in
Alachua County (DOH-Alachua; Gainesville, FL,
USA) received reports of multiple cases of diarrheal
illnesses associated with eating at a local seafood res-
taurant. Six case-patients were subsequently iden-
tified who met the case definition of having eaten
seafood at the implicated restaurant within a 2-day
time window and who experienced acute onset of
diarrhea within 96 hours of the reported meal or had
a clinical diagnosis of vibriosis. Median case-patient
age was 35.5 years; median incubation period was
24 (range 7-32) hours. All 6 case-patients had diar-
rhea; other signs/symptoms were vomiting (6 case-
patients), headache (3 case-patients), and nausea (3
case-patients). Four patients were hospitalized, 3 at
the University of Florida Heath Science Center (UF-
Health; Gainesville). Among the UFHealth patients,
1 was admitted to the intensive care unit because of
a diarrheal purge of 7-8 L. That patient was 39 years
of age, had a history of hypertension and type 2 dia-
betes mellitus, and fully recovered after treatment
with volume repletion and 4 days of doxycycline
and ceftriaxone.

DOH-Alachua determined that the foods most
commonly consumed by case-patients were steamed
blue crab (5 case-patients), steamed snow crab (5 case-
patients), and steamed shrimp (4 case-patients). Only

These first authors contributed equally to this article.
2These senior authors contributed equally to this article.

2141



DISPATCHES

1 case-patient reported eating oysters. A joint envi-
ronmental health assessment by DOH-Alachua, the
Florida DOH regional environmental epidemiologist,
and the Florida Department of Business and Profes-
sional Regulation documented multiple food safety
violations (i.e., substantive overall sanitation issues,
thawing frozen shrimp overnight at room tempera-
ture, returning cooked crabs to crates that previously
held live crabs), and a lack of required state-approved
employee education.

Fecal samples from the patients hospitalized at
UFHealth were initially screened by using a culture-
independent diagnostic PCR technique (BioFire
FilmArray GI Panel; BioFire Diagnostics, https://
www.biofiredx.com), which indicated possible V.
cholerae and non-cholerae Vibrio spp. In follow-up
studies at the University of Florida Emerging Patho-
gens Institute, fecal samples were plated on thiosul-
fate citrate bile-salts sucrose agar after enrichment in
alkaline peptone water (pH 8.5) (Appendix, https://
wwwnc.cde.gov/EID/article/29/10/23-0486-App1.
pdf). Green colonies, reflecting the lack of sucrose
fermentation, characteristic of V. mimicus, grew from
2 of 3 samples. We confirmed that the isolates were
V. mimicus by using convergent PCR primers (6); we
designated the strains as D461B_US_2019 and E3_
US_2019. Isolates were susceptible to doxycycline,
azithromycin, ciprofloxacin, and ceftriaxone (Ap-
pendix Table 1).

Neither strain carried genes encoding CTX
(ctxA or ctxB) or other accessory genes linked to the
CTX phage. However, both strains elicited strong
hemolysis/hemolytic activity against sheep blood
as measured by standard assays (Appendix Figure
1). Strains also exhibited protease activity, motil-
ity, and biofilm formation (Appendix Figures 2, 3).
Whole-genome sequencing and bioinformatic anal-
ysis detected genes for a variety of possible viru-
lence determinants, including hemolysin, various
proteases, and types I-IV and VI secretion systems
(Appendix Table 2). Strains carried both a heat
stable and heat labile toxin, which showed >98%
nucleotide and amino acid identity to similar genes
ina V. mimicus strain (SCCF01) that was hyperviru-
lent for freshwater catfish in China (7). In an earlier
genomic study of 2 ctx-negative V. mimicus strains,
Hasan et al. (1) reported the presence of genetic ele-
ments of the pre-CTX prophage (including ace and
zot, implicated as contributors to diarrhea associat-
ed with CTX-negative V. cholerae strains [8]) and the
VSP-II pathogenicity island, neither of which were
present in our Florida V. mimicus strains. They also
noted a gene cluster similar to that of the V. cholerae
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VPI-2 pathogenicity island; we found an identical
gene cluster in our strains.

In a phylogenetic analysis based on the core
genome (9) (Appendix), the 2 Florida strains clus-
tered within a single, well-supported clade con-
sistent with their high similarity, indicating a
very recent common origin (Figure). Although the
maximume-likelihood tree of available V. mimicus
sequences shows several independent lineages of
strains sampled worldwide with no apparent geo-
graphic structure, the closest lineages to the Flor-
ida strains were clinical isolates from the United
Kingdom, as well as clinical and environmen-
tal strains from the United States, albeit with no
strong bootstrap support.

Conclusions

V. mimicus is present either as a free-living microor-
ganism or in biofilm in the aquatic/estuarine envi-
ronment; infection is strongly associated with seafood
consumption (4,10,11). For this outbreak, we could
not identify a single source for the infection, given
that case-patients had eaten a variety of seafoods and
there were sufficient breakdowns in food safety prac-
tices within the kitchen to make cross-contamination
of multiple foods highly likely. Although oysters
have been implicated as a V. mimicus source, only 1
case-patient reported eating oysters, making oysters
an unlikely primary source of infection. We also note
the risk inherent in placing cooked seafood back into
containers in which live seafood has been shipped, a
practice linked with previous V. mimicus and other
Vibrio spp. outbreaks (12).

Most hospitals and commercial laboratories have
now moved to use of culture-independent diagnostic
techniques, resulting in a strikingly increased num-
ber of cases of Vibrio-associated infections reported
in the United States (13). The outbreak reported here
highlights the utility of such techniques for provid-
ing a quick, preliminary diagnosis of a possible Vibrio
infection as well as problems with such systems. Ex-
act isolate speciation was not possible with the sys-
tem used by UFHealth, and speciation subsequently
required careful classical microbiological approaches
(with enrichment procedures) to isolate and identify
the organism, without which this outbreak caused by
a less common Vibrio species would almost certainly
have been missed.

V. mimicus evolved from a common V. cholerae
ancestor with a prototypic sixth pandemic genomic
backbone (1). Although most V. mimicus strains have
not retained the ctx genes (the primary virulence
factor responsible for the severe diarrhea seen in
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Figure. Maximum-likelihood tree of Vibrio mimicus strains. The tree was calculated by using 35 sequences; the best evolutionary model
was selected by Bayesian information criterion. Nodes marked by a gray circle have bootstrap support (1,000 replicates) >90%. Scale
bar represents the number of substitutions per site. The phylogenetic signal of the alignment was determined by likelihood mapping,

as shown by the triangle in the top right corner. A complete explanation is provided online (https://wwwnc.cdc.gov/EID/article/29/10/23-

0486-F1.htm).

cholera), the 2 strains isolated in this outbreak carried
a wide variety of potential virulence determinants,
showing varying degrees of similarity with potential
virulence factors reported for other V. mimicus strains
(1,7). Common to many other Vibrio species (includ-
ing V. cholerae), V. mimicus has a superintegron (1,14),
which can serve as a capture system for acquiring
DNA from the surrounding environment and may
have contributed to the accumulation of virulence
genes. We did not see evidence of distinct clinical and
environmental lineages (associated with V. cholerae
and V. parahaemolyticus), underscoring the idea that
most V. mimicus strains, regardless of origin, have
the potential for carrying genes capable of causing
illness in humans.

Although incidence data for V. mimicus are limit-
ed, partially because of diagnostic difficulties, Vibrio
casenumbers are clearly increasing with rising surface
water temperatures (13,15,16). Thus, diagnostic capa-
bilities for V. mimicus and other Vibrio species need
to be enhanced. There also needs to be recognition

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 10, October 2023

that strains that do not carry cholera toxin can cause
cholera-like disease and that further work is needed
to more clearly identify the pathogenic mechanisms
by which such strains cause illness.

Laboratory studies were funded through internal funding
sources at the University of Florida and the University of
Florida Emerging Pathogens Institute.
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Influenza A(H5N1) Virus
Infections in 2 Free-Ranging
Black Bears (Ursus americanus),
Quebec, Canada

Benjamin T. Jakobek, Yohannes Berhane, Marie-Soleil Nadeau,
Carissa Embury-Hyatt, Oliver Lung, Wanhong Xu, Stéphane Lair

Wholly Eurasian highly pathogenic avian influenza
H5N1 clade 2.3.4.4b virus was isolated from 2 free-
ranging black bears with meningoencephalitis in Que-
bec, Canada. We found that isolates from both animals
had the D701N mutation in the polymerase basic 2
gene, previously known to promote adaptation of H5N1
viruses to mammal hosts.

Since its arrival in North America during De-
cember 2021, the Eurasian highly pathogenic
avian influenza (HPAI) virus subtype H5N1, clade
2.3.4.4b, has been associated with a high mortality
rate for wild birds all over the continent (1). Af-
fected bird species include mainly waterfowl and
colonial nesting marine birds, as well as scavenger
birds, such as gulls, eagles, vultures, and corvids
(2,3). As with several other subtypes, HPAI H5N1
can potentially infect persons, although clinical
cases in humans have been limited (4). However,
this virus has been shown to be pathogenic for dif-
ferent species of wild mammals, including red fox,
striped skunk, mink, raccoon, and seals (5-7). In-
fections with influenza A(H1N1) viruses have been
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described in captive sloth bears (8). We report and
describe infections by HPAI H5N1 virus in 2 black
bears (Ursus americanus) found in Quebec, Canada,
during the summer of 2022.

The Study

Two young-of-the-year black bear cubs (likely born
in January-February) were observed wandering on
a road within the Forillon National Park in Gaspé,
Quebec, Canada (48°51'39"N, 64°13'26"W), on June
14, 2022. The cubs, which were active and quite vo-
cal, were not attended by their dam. Shortly after-
ward, an adult female bear with unusual behavior
was reported ~200 m from the cubs. This female
was wandering between vehicles, fell into a river,
and began circling. Upon the arrival of park of-
ficials, the animal was in lateral recumbency and
convulsing in a ditch.

Because of the severity of the neurologic signs
present and concern for public safety, the bear was
anesthetized and then euthanized. The 2 cubs, pre-
sumed to be orphaned, were also euthanized. The
carcasses of the adult female and 1 of the cubs were
subsequently frozen. The adult female was thawed
a few days later and examined on site. Different
organs were sampled, refrozen and shipped, along
with the originally frozen cub, to the Canadian
Wildlife Health Cooperative Quebec regional cen-
ter for further macroscopic examination, which was
performed on July 7, 2022.

Macroscopic examination of viscera of the adult
female show no notable findings, other than extensive
postmortem changes. The cub (a 5.1-kg female) was
thin and had limited fat stores. A mild mesenteric
lymphadenomegaly was present, and the cerebrum
appeared to be diffusely congested.
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Histopathologic examination of tissues sampled
from the adult female showed multifocal infiltra-
tion of the meninges by numerous lymphoplasma-
cytic cells, which extended into the Virchow-Robin
spaces, forming perivascular cuffing. Neuronal ne-
crosis associated with satellitosis and glial nodules
was commonly observed. Aggregates of polymor-
phonuclear cells in the cerebral substance and areas
of neuropile vacuolization with axonal degeneration
were also present. The cub had similar, but of lower
intensity and predominantly neutrophilic in nature,
cerebral inflammatory and degenerative lesions, in
addition to fibrinoid neutrophilic vasculitis. Small
necrotic foci surrounded by granulocytes and mono-
nuclear cells were also occasionally seen in the liver
of the cub.

Influenza A virus (IAV) antigen was detected
by using immunohistochemical staining (Appendix,
https://wwwnc.cdc.gov/EID/article/29/10/23-
0548-Appl.pdf) in brain and liver cells; liver cells
were observed only in the bear cub (Figure 1). Brain
tissues from both animals were negative for rabies vi-
rus by the direct rapid immunohistochemical test (9).

We extracted RNAs from brain tissues and tra-
cheo-rectal swab specimens from both animals and

found that they were positive for IAV genomic ma-
terial by using matrix and H5 gene specific real-time
reverse transcription PCRs (10,11). We isolated H5N1
viruses from brain samples collected from both bears
in 9-day-old embryonated specific pathogen-free
chicken eggs. We amplified all 8§ genome segments of
the virus directly from clinical samples and isolates
and were sequenced by using the Oxford Nanopore
platform as described (12), and the Rapid Barcoding
Kit 96 (https://www.nanoporetech.com). We base-
called raw Nanopore signal data and demultiplexed
with Guppy v5.1.12 (https://timkahlke.github.
io) using the super-accurate basecalling model. We
then analyzed and assembled the basecalled reads
by using the CFIA-NCFAD/nf-flu v3.1.0 (https://
zenodo.org/record/7011213#.ZBs5cXbMIulU) next-
flow workflow.

The hemagglutinin (HA) gene of the virus be-
longed to Eurasian goose/Guangdong (Gs/GD) lin-
eage HPAI H5N1 clade 2.3.4.4b and had the cleav-
age site motif of PLREKRRKR/GLF, compatible with
HPAI viruses (Figure 2). All 8 genome segments of the
viruses from both bears contained wholly Eurasian
IAVs similar to the Newfoundland-like H5N1 viruses,
which came from Europe to Canada by the Atlantic

Figure 1. Detection of influenza A virus antigen in black bears by immunohistochemical analysis, Quebec, Canada. A) Brain tissue,
showing abundant viral antigen detected multifocally throughout the section and observed primarily in gray matter areas. Scale bar
indicates 5 mm. B) Brain immunostaining within neurons and surrounding neuropil. Scale bar indicates 100 um. C) Liver tissue, showing
viral antigen within individual cells. Scale bar indicates 200 um. D) Liver tissue, showing that cells have the morphologic appearance of
Kuppfer cells. Scale bar indicates 50 um. Monoclonal antibody and diaminobenzidine stained, Gill's hematoxylin counterstained.
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Figure 2. Maximum-clade credibility tree for influenza A virus antigen in black bears by immunohistochemical analysis, Quebec,
Canada, inferred by using Bayesian and Markov Chain Monte Carlo analyses for the H5 hemagglutinin gene. Shown are relationships
among black bear strains from this investigation (red), European 2021 H5 clade 2.3.4.4b HPAI strains (blue), and early Canada wild bird
and poultry strains (purple). Colors and labels indicate the other H5 clade 2.3.4.4 subgroups.

Flyway in 2021 (1). Both bears had mammalian adap-
tive mutations (D701N) in the polymerase basic pro-
tein 2 subunit of the RNA polymerase complex.

We conducted a Bayesian phylogenetic analysis
to identify phylogenetic relatedness of the H5 HA
gene between black bears and Eurasian-origin H5N1
HPAIVs, as well as representative subgroups of clade
2.34.4. (Appendix). The maximum clade credibility
tree of the H5 HA gene showed that the HA genes of
black bear samples were grouped with the current out-
break 2.3.4.4b subgroup (Figure 2). The HA genes were

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

most closely related to those of early H5N1 HPAIVs
isolated from eastern Canada provinces, as well as
strains circulating in northwestern Europe during win-
ter 2021. Those genes were also more similar to those
the fully Eurasian lineages observed in red foxes than
to those observed in striped skunks and mink (5) and
were not closely related to the New England-specific
lineages documented in New England seals (7). Full ge-
nome sequences of both isolates were deposited in the
GISAID database (https://www.gisaid.org) under ac-
cession nos. EPI_ISL_1747865 and EPI_ISL_17478584.
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Conclusions

The described black bears were within the Atlan-
tic Americas avian flyway, where Eurasian lineage
H5N1 viruses were detected in 2021 (1). The glob-
al epizootic of the HPAI H5N1 virus belonging to
clade 2.3.4.4b has led to an exceptional number of
animal deaths, particularly in domestic poultry and
wild birds (12).

As opportunistic omnivores, black bears might
be found scavenging on carcasses of dead animals,
including birds. Within 5 km and in the 3 weeks pre-
ceding the euthanasia of both bears, several dead
wild birds tested positive for the Eurasian lineage
of HPAI H5NT1, including common murre (Uria aal-
ge), American crow (Corvus brachyrhynchos), north-
ern gannet (Morus bassanus), and razorbill (Alca
torda) (Canadian Wildlife Health Cooperative in-
ternal database, https://www.cwhc-resf.ca). Sus-
pected deaths of seals caused by HPAI H5N1 had
occurred around the same time that the bears were
found; however, those seal carcasses were >300 km
away, and no suspected or confirmed seal deaths
caused by HPAI H5N1 have been reported in seal
populations in the Gaspé Peninsula (13). Therefore,
it is suspected that the adult female black bear in
this study was infected through spillover directly
from infected bird carcasses because black bears
in the Gaspé Peninsula share habitat with marine
birds for which there have been confirmed deaths
caused by HPAI H5N1 (13; Canadian Wildlife
Health Cooperative internal database) during the
same period.

Although H5N1 virus transmission has been
documented in mink and ferrets, transmission of the
virus between mammals is generally inefficient (14).
Therefore, the possibility that the virus that affected
these black bears was transmitted from 1 bear to an-
other, or from another mammal species, is much less
probable than transmission from birds. Although
HPAI virus infections in mammals might occur sec-
ondary to other infections, no other infectious agents
were identified in either of the black bears.
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Limited Outbreak of Highly
Pathogenic Influenza A(H5N1) in
Herring Gull Colony, Canada, 2022

Liam U. Taylor, Robert A. Ronconi, Hayley A. Spina, Megan
E.B. Jones, C. Brandon Ogbunugafor, Andrea J. Ayala

In summer 2022, highly pathogenic influenza A(H5N1) vi-
rus reached the herring gull (Larus argentatus subspecies
smithsonianus) breeding colony on Kent Island, New Bruns-
wick, Canada. Real-time monitoring revealed a self-limiting
outbreak with low mortality. Proactive seabird surveillance
is crucial for monitoring such limited outbreaks, protecting
seabirds, and tracing zoonotic transmission routes.

Highly pathogenic avian influenza (HPAI) viruses
pose a near-term threat to commercial poultry
and a long-term risk for human pandemics (1,2).
Recent outbreaks of HPAI A(H5N1) virus have also
caused mass mortality events in vulnerable seabird
populations (3). Because outbreaks are difficult to
predict, knowledge of HPAI in wild birds is often lim-
ited to cross-sectional surveillance or post hoc records
of mass mortality events (4-6).

Beginning in December 2021, an HPAI H5N1
virus strain spread from Eurasia into Canada, sub-
sequently infecting wild, commercial, and backyard
bird populations across North America (4) (https://
www.usgs.gov/centers/nwhc/science/ distribution-
highly-pathogenic-avian-influenza-north-america-
20212022). During summer 2022, we studied the life
history of American herring gulls (Larus argentatus
subspecies smithsonianus) at the Kent Island breeding
colony in New Brunswick, Canada (Figure 1). Thus,
we had an unusual opportunity to monitor emerging
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disease symptoms and deaths in a wild population.
We report timelines, clinical details, and epidemio-
logic observations from a laboratory-confirmed HPAI
outbreak that caused a relatively low death rate with-
in a seabird colony.

Figure 1. Location of gull breeding colony on Kent Island,

New Brunswick, Canada, in study of limited outbreak of highly
pathogenic influenza A(H5N1) in herring gull colony, 2022. A) Inset
shows location of Kent Island in Canada. The main study site

was on East Beach (yellow strip), and a secondary site was on
West Beach (purple strip). Intermittent monitoring occurred across
Kent, Hay, and Sheep Islands. Satellite image from Google Earth
(https://earth.google.com). B) Accumulating carcass locations (red
points) for 3 timepoints on East Beach.
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Influenza A(H5N1) in Herring Gull Colony, Canada

Table 1. Summary of influenza-related herring gull deaths on Kent Island and neighboring islands in study of limited outbreak of highly

pathogenic influenza A(H5N1), Canada, 2022*

Census countt  No. censuses No. Death
Area (+SD) conducted deaths rate,f % Survey schedule
Kent Island, East Beach 526 (169) 110 22 4.2 1-3x/d, Jun 1-Aug 15, Sep 2
Kent Island, West Beach 221 (60) 88 15 6.8 1-2x/d, Jun 1-Jul 7, Jul 22—Aug 14, Sep 2
Kent Island, total§ 3,077 (937) 10 66-87 2.1-2.8 1x/wk, Jun 1-Jul 7, Jul 15 (partial), Jul 22—

Aug 14, Sep 2 (partial)

Sheep Island 900 1 25 2.8 Jul 5 (boat count), Jul 14 (partial), Aug 29
Hay Island 617 (267) 2 41 6.7 Jun 21, Aug 7

*Mean counts are of adult herring gulls >10 months of age. Partial surveys covered only part of the survey area.

tCensus counts varied with time, tide, and seasonal fluctuations for both breeding and nonbreeding populations.

FCalculated according to mean census count. Our assumption that all intact adult gull carcasses were influenza-related might have raised death rate
estimates, whereas intermittent surveys and imperfect carcass detection might have lowered death rate estimates.

8Ranges for number of deaths and death rate are provided because of possible double counting of untagged carcasses by 2 observers outside of the

main study sites.

The Study

We monitored herring gulls on Kent Island (latitude
44 5828°N, longitude 66.7568°W; Figure 1). Gulls nest
across the =100-ha island and on adjacent Hay and
Sheep Islands (Figure 1). Herring gulls on Kent Island
generally migrate north from eastern North America
in early May, lay eggs in mid-May, hatch chicks in
mid-June, and fledge chicks in August (7,8).

During June 1-August 15, 2022, we surveyed the
main study area on East Beach (Figure 1) 1-3 times/
day, conducting full census counts, monitoring dis-
ease symptoms, and individually marking carcasses.
Other areas of Kent Island were surveyed on an in-
termittent schedule (Table 1). We assumed that all
generally intact adult carcasses were virus-induced
deaths because sudden deaths of adult birds are rare
in breeding colonies. Because injuries and deaths are
common among chicks, we were unable to assess
virus-induced deaths in chicks except for suspected
cases C1-C3 (Appendix, https://wwwnc.cdc.gov/
EID/article/29/10/23-0536-Appl.pdf).

We did not observe illness in the colony during a
preliminary visit to Kent Island (May 24-27). On the

morning of June 27, we spotted a lethargic adult her-
ring gull on East Beach that died that afternoon (Table
2; Figure 2). Disease symptoms and deaths spiked at
9 deaths during July 4-8 (Figure 2). We observed 9
more deaths that accumulated more slowly through
August 15; a final check on September 2 revealed only
1 new carcass. The total number of East Beach cases
was 25, resulting in 22 confirmed deaths (4.2% site
mortality; Tables 1, 2). Daily checks of West Beach for
part of the summer showed a similar timeline and ef-
fect as that observed on East Beach (Tables 1, 2). Total
carcass counts across Kent, Sheep, and Hay Islands
indicated a <10% mortality rate (Table 2).

During the summer 2022 breeding season, colony
populations declined beginning in July (Figure 2). We
assume that gulls exited the breeding colony because
of normal seasonal phenology (8) rather than off-
site deaths. Boat surveys of the surrounding Grand
Manan archipelago (mid-June, mid-July) noted only
3 dead adult herring gulls in the water, and no mass
mortality was reported on nearby beaches (1 dead
HPAI virus-positive herring gull was found on Grand
Manan on July 4; https://cfia-ncr.maps.arcgis.com/

Figure 2. Adult herring gull deaths (cumulative, end-of-day) on East Beach, Kent Island, New Brunswick, Canada, in study of limited
outbreak of highly pathogenic influenza A(H5N1) in herring gull colony, 2022. A) Cumulative mortality of herring gulls on East Beach

during summer 2022. B) Census counts (number of breeding and nonbreeding adult herring gulls) from 1-3 surveys/day on East Beach
and weekly total counts from surveys of the entire island. Red dotted lines mark July 6, the date of maximum gull deaths on East Beach.
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apps/dashboards/89c779e98cdf492c899df23e1c38fd
bc). Censuses in June 2023 confirmed that the Kent
Island herring gull population had returned for an-
other breeding season (mean 4,290 herring gulls).

We collected case descriptions, images, and vid-
eos of herring gull adults and chicks from Kent Island
(Appendix). Putative HPAI clinical signs in herring
gulls matched those observed after experimental in-
oculations of HPAI H5NT1 in related species (9,10).
Neurologic symptoms progressed from lethargy and
drooped wings to incoordination, head tremors, tor-
ticollis, and immobility over the course of hours or
days. During the peak of the outbreak, dozens of ad-
ditional birds displayed putative minor symptoms
(e.g., slumped postures, hesitancy to fly) that were dif-
ficult to track and could not be linked to subsequent

death. One bird manifesting severe neurologic dis-
tress apparently recovered within hours (case 27).

We collected 3 carcasses of adult symptomatic
birds (case 8, case 20, and 1 euthanized bird in south-
west Kent Island on July 15) along with 3 chicks (cas-
es C1-C3). Carcasses were collected under Canadian
Wildlife Service permit no. SS2506 (to R.A.R.). All 3
adults and 1 chick (case C2) tested positive for a Eur-
asian strain of HPAI H5N1 virus (Appendix).

All sick or dead adult gulls throughout June and
July were >4 years old according to plumage, match-
ing the usual minimum breeding age for the species
(Table 2) (8). Plumage-based censuses suggested
3%-6% of colony birds were 1-3 years of age (data
not shown). Those younger birds were not breeding,
and only 2 were found dead on East Beach later in the

Table 2. Putative highly pathogenic influenza A(H5N1) virus cases in herring gulls on East Beach and West Beach study areas in

study of limited outbreak on Kent Island, Canada, 2022*

First seen sick Last seen alive Found dead
Case no. Location Age, Tty Date Time Date Time Date Time
1 East Beach >4 Jun 27 ~09:30 Jun 27 ~09:30 Jun 27 ~16:30
2 East Beach >4 NA NA NA NA Jun 28 ~17:00
6 East Beach >4 Jul 2 12:11 Jul 2 12:11 Jul 3 09:38
8 East Beach >4 Jul 3 09:49 Jul 5 13:22 Jul 5 17:52
11 East Beach >4 Jul 3 20:30 Jul 3 20:30 Jul 4 08:57
12 East Beach >4 Jul 4 09:14 Jul 4 14:10 Jul 5 08:46
15 East Beach >4 Jul 4 13:51 Jul 4 17:09 Missing NA
16 East Beach >4 Jul 4 14:21 Jul 5 13:22 Jul 6 12:01
18 East Beach 4 NA NA NA NA Jul 4 17:13
20 East Beach >4 Jul 5 08:51 Jul 6 16:46 Jul 6 19:39
24 East Beach >4 Jul 5 17:45 Jul 5 18:18 Jul 6 11:34
26 East Beach >4 Jul 5 17:10 Jul 6 11:36 Missing NA
27 East Beach 4 Jul 6 11:54 Jul 6 19:53 Recovered? NA
28 East Beach >4 NA NA NA NA Jul 6 11:58
31 East Beach >4 Jul 8 16:23 Jul 8 16:23 Jul 8 19:50
32 East Beach >4 Jul 10 16:30 Jul 10 19:45 Jul 11 16:42
33 East Beach >4 NA NA NA NA Jul 15 16:06
34 East Beach >4 NA NA NA NA Jul 17 16:25
35 East Beach >4 NA NA NA NA Jul 19 16:30
36 East Beach >4 Jul 21 07:39 Jul 21 16:26 Jul 22 09:46
37 East Beach >4 Jul 25 13:45 Jul 25 13:45 Jul 26 10:28
38% East Beach >4 Jul 26 10:25 Jul 26 10:25 Jul 29 08:36
39 East Beach 1 NA NA NA NA Aug 8 10:13
40 East Beach 1 NA NA NA NA Aug 12 08:13
NA East Beach NA NA NA NA NA Sep 2 NA
4 West Beach 4 NA NA NA NA Jul1 11:45
5 West Beach >4 Jul 1 16:18 Jul 1 16:18 Jul 1 17:20
9 West Beach >4 Jul 3 16:41 Jul 3 16:41 Jul 4 10:20
10 West Beach >4 Jul 3 16:43 Jul 3 16:43 Jul 4 10:25
13 West Beach >4 Jul 4 10:04 Jul 4 10:04 Jul 4 14:49
14 West Beach >4 NA NA NA NA Jul 4 10:11
19 West Beach >4 NA NA NA NA Jul 5 09:46
22 West Beach >4 NA NA NA NA Jul 5 17:15
25 West Beach >4 NA NA NA NA Jul 5 16:20
NA West Beach >4 NA NA NA NA Jul' 7 NA
NA West Beach >4 NA NA NA NA Jul 7 NA
NA West Beach >4 NA NA NA NA Jul 23 NA
NA West Beach NA NA NA NA NA Sep 2 NA
NA West Beach NA NA NA NA NA Sep 2 NA
NA West Beach NA NA NA NA NA Sep 2 NA

*Case details are provided in the Appendix (https://wwwnc.cdc.gov/EID/article/29/10/23-0536-App1.pdf). Some carcasses were not numbered. NA, not

applicable.
TEstimated according to plumage (8) when noted.
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summer (Table 2). From 16 fully-tracked cases (Table
2) and surveys conducted 1-3 times/day, we showed
the mean time (+SD) from first seen sick to last seen
alive was 7.8 +15.0 hours; the mean time from first
seen sick to found dead was 20.9 +14.9 hours.

We calculated the basic reproduction number
(R,) by using daily East Beach incidence data (June
1-August 15), gamma-distributed generation times
from poultry data (4.8 +0.58 days) (11), and the ex-
ponential growth rate method from the R package RO
(12). Overall R was 1.02 (95% CI 0.95-1.11). R, was
8.23 (95% CI 3.97-21.11) if estimated from the rising
incidence period (June 1-July 6) but fell to 0.84 (95%
CI 0.64-1.07) if estimated from the falling incidence
period (July 7-August 15).

HPAI was suspected or confirmed in 4 other spe-
cies breeding on Kent Island (Appendix): great black-
backed gulls (Larus marinus), Canada geese (Branta
canadensis), common eiders (Somateria mollissima), and
American crows (Corvus brachyrhynchos). Unlike the
mostly intact gull carcasses on Kent Island (Appendix
Table 1), many carcasses on Hay Island were partially
consumed. Likely predators or scavengers were great
black-backed gulls and bald eagles (Haliaeetus leuco-
cephalus). Beginning in July, we noted gray seals (Ha-
lichoerus grypus) loitering offshore at East Beach. Seals
rarely interacted with adult seabirds but harassed
herring gull chicks paddling from shore.

Conclusions
A Eurasian lineage of HPAI H5N1 virus swept
through the Kent Island herring gull colony start-
ing in late June 2022. The outbreak appeared to slow
within weeks (Figure 2) and resulted in <10% appar-
ent colony mortality rate (Table 1). Low carcass dis-
turbance (Appendix Table 1) and disease resistance
or recovery (case 27) might have limited HPAI virus
infections in the gulls. Furthermore, our islandwide
censuses suggest 2022 population sizes were <25% of
historical size across the same island area (Table 1)
(13). Low densities might have reduced intraspecific
transmission by limiting social interactions with in-
fected conspecifics. However, we observed possible
interspecific exposure routes through cohabitation
(e.g., common eiders), predation/scavenging (e.g.,
bald eagles), and interactions between chicks and ma-
rine mammals (e.g., gray seals). Those pathways are
consistent with global HPAI virus transmission be-
tween populations, including recent spillover events
in mammals (14,15).

The current understanding of HPAI virus trans-
mission in wild birds involves circulation in migra-
tory waterfowl or roving gulls (6) and mass mortality
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events within seabird colonies (3,5). Our study sug-
gests that limited outbreaks in seabird colonies could
play an important role in HPAI transmission chains.
Post hoc surveillance of mass mortality is insufficient
if seabird colonies can circulate HPAI without mass
mortality. Therefore, we propose that more proactive
monitoring of seabirds for HPAI virus infections will
be critical for guarding commercial poultry (1), avert-
ing potentially catastrophic zoonotic transmission (2),
and protecting vulnerable seabirds, including gulls.
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Antimicrobial Resistance
INn Slaughterhouses, Kenya
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Slaughterhouses are hotspots for the transmission of
antimicrobial-resistant pathogens. We conducted stake-
holder discussions on antimicrobial-resistant pathogens
within the slaughterhouse setting. Butchers were de-
scribed as powerful stakeholders; challenges included
limited funding and staff, inadequate infrastructure, and
limited laboratory capacity. Slaughterhouse workers un-
derstood that their work increased their risk for exposure.

Antimicrobial resistance (AMR) in bacteria is one
of the most serious global health threats of this
century (1). Slaughterhouses act as disease hotspots
because of frequent interactions between humans
and animals (2), particularly in rural areas, such as
western Kenya (3). Recent work showed that slaugh-
terhouse workers are exposed to several zoonotic
pathogens (4-6). However, little is known about the
workplace risk for exposure to antimicrobial-resistant
bacteria within the slaughterhouse context and the
implications of workplace AMR exposure for pub-
lic health and food safety in the region. This study
engaged stakeholders in discussions on AMR within
the slaughterhouse setting, with the objective of using
baseline information to develop contextually relevant
educational material and inform future research and
improvements in work conditions.

The Study
This work was embedded within a larger surveillance
study conducted in Busia, Bungoma, and Kakamega

Author affiliations: University of Liverpool, Liverpool, UK

(K.A. Hamilton, E.M. Fevre, L.C. Falzon); International Livestock
Research Institute, Nairobi, Kenya (K.A. Hamilton, S.M. Njoroge,
K. Momanyi, M.K. Murungi, C.O. Odinga, N. Bor, A.F. Ogendo,

J. Odaba, L.C. Falzon); Kenya Medical Research Institute, Nairobi
(S.M. Njoroge); County Government of Busia, Busia, Kenya

(A.F. Ogendo); University of Nairobi, Kenya (J.G. Ogola);
University of Helsinki, Helsinki, Finland (J.G. Ogola); County
Government of Bungoma, Bungoma, Kenya (J.G. Ogola)

DOI: https://doi.org/10.3201/eid2910.230017

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

counties in western Kenya (7). In total, we conduct-
ed 6 stakeholder discussions exploring AMR in the
slaughterhouse context. First, we held focus group
discussions (3-9 participants) with the county veteri-
nary officers, subcounty veterinary officers, and meat
inspectors in each of the 3 counties. Focus group dis-
cussions lasted 2-3 hours, during which other topics
not reported in this study (i.e., legislation and animal
welfare) were also discussed. Next, we held 3 work-
shops for slaughterhouse workers from Bungoma (n
= 60), Kakamega (n = 90), and Busia (n = 40). Partici-
pants were distributed into groups, with a maximum
of 20 participants per group, and discussions lasted
45-60 minutes.

The purpose and modus operandi of the discus-
sions were explained, and written consent was ob-
tained from each participant. Discussions were held
in English or Kiswahili, as required, and were led
by moderators who used an interview guide with
broad, open-ended questions (Appendix 1, https://
wwwnc.cde.gov/EID/article/29/10/23-0017-App1.
pdf). All discussions were recorded and later tran-
scribed verbatim, and translated from Kiswahili
to English as needed, by an investigator. Two in-
vestigators (K.A.H., L.C.F.) thematically analyzed
all transcripts, and inductively derived findings
by using an interpretive-descriptive approach to
identify themes emerging from the data (8). Each
investigator coded all transcripts separately, before
discussion and consensus on the main themes (Fig-
ure 1, Appendix 2, https://wwwnc.cdc.gov/EID/
article/29/10/23-0017-App2.xlsx).

From the focus group discussions, we identi-
fied stakeholders who play a role in AMR within the
slaughterhouse context and how they relate to each
other (Figure 2). Butchers emerged as prominent and
powerful stakeholders who exerted pressure on oth-
ers, sometimes impeding them from carrying out

*Current affiliation: Transdisciplinary Consultants Ltd., Nairobi,
Kenya.
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Figure 1. Themes identified from
focus groups and in workshops in
study of antimicrobial resistance
in slaughterhouses, Kenya.
Focus group discussions included
county veterinary officers,
subcounty veterinary officers,

and meat inspectors; workshops
included slaughterhouse workers.
Blue indicates overall themes;
red indicates results from focus
group participants; yellow
indicates results from workshop
participants; orange indicates
answers shared by both groups
of participants.

their work properly. For instance, a meat inspector
stated, “Because you will find a carcass has already
been prepared, you come and inspect you find the in-
jection sites are all full of drugs, now when you tell
this person this animal is supposed to be condemned,
my friend you will be looking for trouble, you might
even be forced to run.”

Participants recognized improper use of drugs as
a factor driving resistance. Improper use included un-
derdosing or overdosing animals and indiscriminate
prescribing by professionals, such as medics and vet-
erinarians. For example, a county veterinary officer
stated, “If we vets also continue looking at all animals
like they are ’antibiotic deficient,” that is the disease
we treat, this problem will continue escalating.”

Focus groups also identified challenges in deal-
ing with bacterial AMR related to limited staff and in-
adequate funding, which led to underinvestments in
infrastructure and equipment. Some slaughterhouses
did not have access to reliable sources of clean water
or lacked a perimeter fence, compromising biosecuri-
ty. Some slaughterhouse waste was disposed of indis-
criminately, contaminating the surrounding environ-
ment. Participants cited the absence of surveillance to
detect resistant pathogens and the lack of legislation
requiring observance of withdrawal periods (periods
during which animals are kept from the food chain
while medications leave the body) on the farm as fur-
ther hinderances.

Many participants noted that efforts to combat
AMR required a multisectoral approach involving
many stakeholders. In particular, they mentioned

2156

medics as a key group to include in public sensitiza-
tion efforts because of the respect they command in
the community.

In workshops for slaughterhouse workers, par-
ticipants recognized they should seek medical ad-
vice before purchasing drugs, but admitted to of-
ten self-medicating or administering medications
without a prescription because drugs, including
some antibiotics, could be purchased directly from
a chemist without prescription. The most popular
antibiotic purchased for humans was amoxicillin
and the most popular for livestock was oxytetracy-
cline (Appendix 1).

Participants had experienced drug failure with
antimalarial drugs in humans and with ectoparasitic
and anthelmintic drugs in livestock. They understood
that drugs often did not work because of misdiagno-
sis or misuse, including underdosing or not finishing
the course. Participants provided various reasons for
not finishing the course. A slaughterhouse worker
in Bungoma said, “Sometimes you visit the chemist
or clinic where a dose is prescribed for you but you
don’t have enough cash so maybe the drugs cost like
600 and you have 200. So, because the doctor wants
money, they tell you to go with a little drug and ask
after how many days will you get the money? You
tell him tomorrow. You take the drugs for a few days
and notice a change then stop, which also contributes
because you have not finished the dose.”

The workers understood that resistance was
caused by a germ, and therefore transmitted in similar
ways. They were also aware that their work increased
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their risk of infection because of their frequent con-
tact with animals. A slaughterhouse worker in Busia
said, “So, maybe there are diseases that affect the ani-
mals and is [sic] undergoing treatment. The animal is
taken to the slaughterhouse without completing the
treatment, when slaughtering the animal, there is the
interaction between human and the animal. In case
there are injury to the human, there may be mixing of
blood of the animal and human blood and hence we
can also be affected.”

Hygiene, both personal and at the workplace,
was recognized as a key element in dealing with
resistance. However, the uncertainty and poor pay
associated with slaughterhouse work did not en-
able workers to purchase the required clothing and
equipment. A slaughterhouse worker from Kaka-
mega said, “...the pay you get is just enough to make
ends meet but anything outside can’t be covered.
The pay is too little for people who do hardy work
in the slaughterhouse.”

Education was considered essential to under-
standing and mitigating the risk for bacterial AMR.
For instance, a slaughterhouse worker in Busia stated,
“Educate us on how we would be handling maybe
the meat before it reaches [consumption]... Which
other ways are we handling where, educating us on

Antimicrobial Resistance in Slaughterhouses, Kenya

getting a knife, cutting meat, how to hang the meat so
that it doesn’t get bacteria from the ground, like you
said, dust usually contains bacteria, so you educate us
before undertaking the work.”

Conclusions

Our analysis identified butchers as powerful stake-
holders; elsewhere butchers have been described as
uncooperative and profit-driven (9,10). However, their
influence could be leveraged to positively influence
others, and they should be included in future educa-
tion campaigns or intervention strategies. Limited fi-
nances were a recurring theme, leading to poor health-
seeking behaviors despite interviewees being aware of
recommended good practices. Many slaughterhouse
workers understood how diseases are transmitted and
the importance of hygiene measures, suggesting that
engagement activities previously conducted in this
area (7,11) or developed as part of this work (12) have
been effective. However, translation of knowledge into
practice is often hampered by the limited resources
and external pressures that the workers face.

In conclusion, long-term investments in slaugh-
terhouses are needed to create an enabling environ-
ment that reduces the occupational risk to workers
and safeguards the food they produce (13). Those

Figure 2. Relationship between stakeholders in study of antimicrobial resistance in slaughterhouses, Kenya. The chart shows
relationships within the slaughterhouse context identified in focus group discussions conducted with county veterinary officers,
subcounty veterinary officers, and meat inspectors, and in workshops conducted with slaughterhouse workers in western Kenya. Dotted
arrows indicate stakeholders with authority to introduce or enforce regulations; solid arrows indicate relationships between stakeholders.
Blue boxes indicate a stakeholder whose influence could be leveraged to positively influence others. Further information about
stakeholders can be found in Appendix 1 (https://wwwnc.cdc.gov/ElID/article/29/10/23-0017-App1.pdf).
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investments need to be accompanied by investments
in laboratory networks and surveillance efforts to
better detect and mitigate AMR spread within the
slaughterhouse context (14).
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Human-to-Human Transmission
of Andes Virus Modeled In
Syrian Hamsters
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Several occurrences of human-to-human transmission
of Andes virus, an etiological agent of hantavirus cardio-
pulmonary syndrome, are documented. Syrian hamsters
consistently model human hantavirus cardiopulmonary
syndrome, yet neither transmission nor shedding has
been investigated. We demonstrate horizontal virus
transmission and show that Andes virus is shed efficient-
ly from both inoculated and contact-infected hamsters.

Hantavirus cardiopulmonary syndrome (HCPS) is
a sporadic, lethal (>40% fatality rates) zoonotic
disease, which in South America is primarily caused
by Andes virus (ANDV) (1). HCPS is prevalent where
the natural rodent reservoir, the long-tailed coli-
largo (Oligoryzomys longicaudatus), is present. Zoo-
notic transmission was thought to occur exclusively
through exposure to aerosolized infectious particles
from excreta or secreta of infected reservoirs (2).
However, unique to ANDV among hantaviruses,
person-to-person transmission events have been de-
scribed, highlighting the potential importance of on-
ward transmission for outbreaks (3-5).

Syrian hamsters (Mesocricetus auratus) infected
with ANDV uniquely mimic many aspects of humans
with ANDV-HCPS disease (6,7). This model has been
crucial for understanding HCPS immunopathology
and for developing potential therapeutic treatments
(8-11). Although disease modeling in hamsters has
been characterized extensively, studies of virus shed-
ding and transmission are absent. In this study, we
investigated whether horizontal transmission can be
modeled in ANDV-infected hamsters.

The Study
To model ANDV shedding and transmission between
hamsters, we placed 6 pairs of intranasally-inoculated

Author affiliation: Robert Koch Institute, Berlin, Germany
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(200 PFU equivalences of ANDV-9717869) hamsters in
clean cages 1 day postinoculation (dpi). To increase con-
tact events, we then introduced 6 pairs of naive ham-
sters (i.e., contacts) to the inoculated hamsters (6 cages)
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/29/10/23-0544-Appl.pdf). Infectious work was
performed within the Biosafety Level 4 facility at the
Robert Koch Institute (Berlin, Germany). Animal exper-
iments were approved by Landesamt fiir Gesundheit
und Soziales (permit no. G0142/21). Approval of ani-
mal experimentation within Biosafety Level 4 facilities
at the Robert Koch Institute was granted by the Region-
al Office for Health and Social Affairs, Berlin.

We implanted all hamsters with temperature-log-
ging transponders (IPTT-300 Temperature Transpon-
der; Plexx, https://www.plexx.eu). Throughout the
experiment, we observed hamsters daily to assess dis-
ease signs. Pathognomonic acute disease signs (6,11)
were a criterion for euthanasia, and surviving animals
were euthanized at 40 dpi. At 27 dpi, one naive animal
(c1-n1) was euthanized for unrelated illness (Table 1).
Under isoflurane sedation, all animals were routinely
weighed and sampled (oral and rectal mucosa and, op-
portunistically, urine). We collected blood and tissue
samples at euthanasia. ANDV RNA copies and nu-
cleocapsid IgG were measured as reported (10).

Irrespective of inoculation route, infected ham-
sters typically succumb uniformly to disease (6);
however, 16.7% of the inoculated cohort survived,
potentially because of the lower intranasal infection
efficacy (>8-fold inoculum dose required) than that
of an intramuscular infection (Table 1). Hamster c6-i2
recovered from moderate disease, and hamster c1-il
remained healthy. All inoculated hamsters serocon-
verted (Table 1) and shed abundant ANDV RNA
through tested routes until being euthanized (Figure
1, panels A-D; Figure 2; Appendix Figure 2, panel A).
Onset of shedding averaged 6 dpi (5 dpi orally and
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Figure 1. Dissemination and shedding of Andes virus (ANDV) in secretions and excretions of infected Syrian hamsters. A) ANDV RNA
small segment loads in oral and rectal mucosa and urine sampled per day postinoculation throughout the experiment. B—C) Total ANDV
RNA detected in all shedding routes (oral and rectal mucosa and urine), compared between cohorts (B) and between infected animals of
each cohort (C) after adjustment of incubation days (AID). D) Comparison of ANDV RNA load between oral and rectal mucosa samples
and urine samples from infected animals, using AID. Individual oral, rectal and urine samples are shown as points. Geometric mean RNA
loads are displayed for log, , transformed data in panels B-D; error bars indicate SDs. E) Statistical analysis of survival between cohorts.
Significance of Mantel-Cox log-rank test is shown within the plot (p<0.001). F) ANDV RNA distribution shown per gram of tissue or milliliter
of blood. As reference, the horizontal grey line shows the inoculum dose. Bla, bladder; Bld, blood; cLN, cervical lymph node; Hrt, heart;
Kid, kidney; Liv, liver; Lun, lung; Rec, rectum; SGd, submandibular salivary gland; Spl, spleen; Tra, trachea.
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6 dpi rectally and in urine). Shedding was detected
as early as 1 dpi in oral mucosa and urine, and peak
shedding occurred consistently 1 day before euthana-
sia. Horizontal ANDV transmission was evidenced in
45% of the naive cohort (5/11 contacts), but HCPS de-

Transmission of Andes Virus Modeled in Hamster

veloped in only 3 hamsters before the predetermined
experimental endpoint (Table 1). Survival was signifi-
cantly different between cohorts (Figure 1, panel E);
inoculated hamsters had a median survival of 10.5 dpi
and a 7.6-fold greater chance of death than infected

Figure 2. Timeline of Andes virus (ANDV) shedding and transmission between inoculated and naive Syrian hamster pairs from each cage.
Panels A—F show data for cages 1-6. Left column displays shedding of ANDV RNA loads per rectal mucosa swab sample. Shedding loads
of individual animals are shown as color-coded lines. Vertical shades show routine (yellow) or extra (grey) cage changes. Middle column
displays tissue distribution of ANDV RNA per gram of tissue or milliliter of blood. The dashed horizontal grey line shows the inoculum dose.
Right column displays results of nucleocapsid ELISA of serum collected at euthanasia. Antinucleocapsid serum titers are noted for animals
that seroconverted. The assay cutoff is shown as a black curve with vertical line-ranges (mean +3 SD) of each serum dilution. To improve
figure visualization, the y-axes in panels A-C were log, -transformed. Bla, bladder; Bld, blood; cLN, cervical lymph node; Hrt, heart; ID,

identification; Li, liver; Lu, lung; OD,,,

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 10, October 2023

Optical density at 405 nm; Rec, rectum; RSD, reciprocal serum dilutions; Sp, spleen.
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Table 1. Study design and disease progression in study of human-to-human transmission of Andes virus modeled in Syrian hamsters*

Cage no. Inoculated Ab titer Status Naive Ab titer Status

1 cl-i1 251200 Infected cl-nl Excluded
cl-i2 3200 Disease cl-n2 12800 Disease

2 c2-il1 200 Disease c2-nl 3200 Disease
c2-i2 3200 Disease c2-n2 Negative Infected

3 c3-il 12800 Disease c3-nl Negative Uninfected
c3-i2 800 Disease c3-n2 Negative Uninfected

4 c4-il 200 Disease c4-nl Negative Uninfected
c4-i2 3200 Disease c4-n2 Negative Uninfected

5 c5-il 3200 Disease c5-n1 Negative Uninfected
c5-i2 3200 Disease c5-n2 3200 Disease

6 c6-il 12800 Disease c6-nl Negative Uninfected
c6-i2 251200 Recovered c6-n2 3200 Infected

Total infected 100% 45%

Total HCPS 83% 27%

*AB, antibody; HCPS, Hantavirus-induced cardiopulmonary syndrome.

contacts (Table 2). However, ANDV was transmitted
to 2 other contacts; animal ¢2-n2 likely evidenced a
transmission chain from c2-n1, which potentially had
the longest incubation time in this experiment (>18
days). Hamster c2-n2 had abundant and disseminat-
ed ANDV RNA in tissue samples (Figure 2, middle
column) but was the only infected contact that failed
to mount an anti-N antibody response (Figure 2, right
column). Animal c6-n2 was likely infected after a late
transmission from the persistent shedding of animal
c6-i2. Infection of c6-n2 was strongly suggested by
the increasing ANDV RNA in rectal mucosa at 40 dpi,
which was above intracage cross-contamination lev-
els (Figure 2, panel F, left column). In addition, we
detected intermediate loads of ANDV RNA in 4 tis-
sue samples, and this hamster seroconverted (Table 1;
Figure 2, panel F, middle and right columns).
Overall, virus replication and dissemination were
not different between inoculated animals and infected
contacts. Aside from hamster c6-n2, which was likely
in an early phase of infection, all infected animals
showed virus distribution consistent with previous
studies (7,11); lung and liver samples harbored the
highest ANDV RNA loads at euthanasia (Figure 1,
panel F). Pairwise tissue comparison among cohorts
revealed no significant differences in ANDV RNA
loads in animals that became infected (Appendix Fig-
ure 3). Likewise, after adjusting incubation days in
the naive cohort (Appendix Figure 4), shedding loads
did not differ between infected animals of either co-
hort (Figure 1, panels B-C) or by route of shedding
(Figure 1, panel D) or shedding duration (Appendix
Figure 5). Yet, shedding onset was delayed in contact

animals (by 9-30 adjusted incubation days). Other pa-
rameters (i.e., periodic weight loss and temperature
variation) did not differ significantly between cohorts
of infected animals (Appendix Figures 6, 7).

Conclusions
Reports of human-to-human ANDV transmission in
recent decades (3-5), which could be driven by spe-
cific mutations of ANDV (12), highlight the impor-
tance of this phenomenon. In a 2018-2019 outbreak in
Chubut Province, Argentina, for example, 33 persons
were estimated to be infected after chains of transmis-
sions started from 1 infectious person (5). The poten-
tial for human-to-human transmission has drastic im-
plications for public health. Not only is spillover from
reservoirs a consideration, but human transmission
chains add further complexity in outbreak settings,
requiring additional control measures, potential
quarantine of infected persons and contacts, and ad-
ditional precautions in dealing with HCPS patients.
We established an efficient model of ANDV trans-
mission between hamsters and a method for moni-
toring infection. Moreover, because ANDV shedding
loads did not differ by route in infected hamsters
and oral shedding began 1 day earlier than with oth-
er routes, this model can be further simplified. We
describe ANDV shedding kinetics in infected Syr-
ian hamsters, but because of the known difficulties
in Andes virus isolation (13), we cannot accurately
determine infectious shedding kinetics. Still, infec-
tious particles were shed from >4 of the inoculated ani-
mals, 1 of which was a persistent shedder. New World
hantaviruses are thought to persistently infect and be

Table 2. Hazard risks of survival and relative risk of infection of the naive cohort compared to the inoculated cohort in study of human-

to-human transmission of Andes virus modeled in Syrian hamsters*

Cohort Deaths, % Infected, %

HR (95% Cl)

p value RR (95% CI) p value

Naive 27 45

0.13(0.03-0.5)

0.003 0.45 (0.2-0.9) 0.017

*HR, hazard risk; RR, relative risk.
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intermittently shed from reservoir hosts (2). However,
persistent shedding has not been reported in humans
or animal models. Although ANDV RNA has been de-
tected in body fluids of humans with HCPS (14), in-
fectious virus has only been isolated from blood (pre-
symptomatic) (1). Unfortunately, because of the study
endpoint, we could not evaluate prolonged infectious
shedding from an asymptomatic animal (c1-i1).

We also demonstrate that infectious ANDV was
serially shed from an infected hamster to a naive
hamster, then on to another naive hamster (cage 2).
Viral shedding onset was delayed in the naive cohort,
particularly for serial transmission. This delay could
be because of our rudimentary adjusted incubation
day threshold or could be a consequence of the trans-
mission route, the transmitted dose (7), or even vi-
rus adaptation (13). Further studies are warranted to
elucidate accurate incubation periods, transmission
rates, and routes (e.g., contact, fomite, or aerosol). In-
creasing the experimental time frame also could have
improved the results of this study.

Disease could not be verified for 2 infected con-
tact animals. Whether disease would have developed
to an extent requiring euthanasia is uncertain. In the
case of hamster c2-n2, the high viral abundance and
dissemination, paired with a lack of ANDV-specific
antibodies could have enabled disease progression;
favorable prognosis in humans is correlated with a
strong IgG response early in disease (15).

In summary, our results demonstrate that the
Syrian hamster is an appropriate model for horizon-
tal transmission of ANDV. We demonstrated clear
pathogenesis and further horizontal transmission in
contact animals.

This work was funded by Robert Koch Institute.
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Angiostrongylus cantonensis
Infection in Brown Rats
(Rattus norvegicus), Atlanta,
Georgia, USA, 2019-2022
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Rat lungworm (Angiostrongylus cantonensis), a zoonot-
ic parasite invasive to the United States, causes eosino-
philic meningoencephalitis. A. cantonensis harbors in rat
reservoir hosts and is transmitted through gastropods
and other paratenic hosts. We discuss the public health
relevance of autochthonous A. cantonensis cases in
brown rats (Rattus norvegicus) in Atlanta, Georgia, USA.

Rat lungworm, Angiostrongylus cantonensis
(Strongylida: Metastrongyloidea), causes eo-
sinophilic meningoencephalitis (neural angiostron-
gyliasis) in humans and other accidental mammal
hosts. This vectorborne nematode has an indirect
life cycle in which several rodent species, including
Rattus spp., serve as definitive hosts (1). Rodents
become infected by ingesting terrestrial gastropods
acting as intermediate hosts infected with third-
stage larvae (L3). In the rodent host, L3 migrate
through vasculature to the central nervous system
and after 2 molts become adult nematodes that mi-
grate to the pulmonary artery (1). After mating, fe-
males lay eggs that hatch first-stage larvae (L1) in
lung airspaces. L1 ascend the trachea, pass into the
digestive system after being swallowed by the host
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rat, and exit the body through feces (1). Subsequent-
ly, gastropods ingest nematode L1 after which the
larvae develop to the infective L3 stage. Paratenic
hosts, such as fish, frogs, and crustaceans, can also
harbor A. cantonensis L3, which can be transferred
to rodents and accidental hosts (2).

A. cantonensis, originally described in Asia, where
most human infections are reported, is now endemic
in different regions of the world (2). In the United
States, A. cantonensis was initially reported in Hawaii
(3), and later in Texas, Louisiana, Alabama, and Flor-
ida, likely introduced by infected rats and gastropods
through trade routes, such as on merchant ships (3-
7). We confirm autochthonous A. cantonensis infection
in brown rats (Rattus norvegicus) in Atlanta, Georgia,
USA, and briefly discuss the relevance of these find-
ings to human and animal health.

The Study
We collected tissue samples (brain, heart, liver,
kidney, lung, spleen, skeletal muscle, skin, gastro-
intestinal tract, adrenal gland, and gonads) from
33 wild brown rats found dead during 2019-2022
on the grounds of a zoological facility located in
Atlanta, Fulton County, Georgia (33°44'1.536"N;
84°22'19.416"W). We stored samples in 10% neutral
buffered formalin and processed them for routine
histopathologic evaluation as part of opportunistic
monitoring of wildlife found dead on zoo grounds.
Of the rats we histologically evaluated, 7/33 (21.2%)
had nematodes in heart, pulmonary artery, and
brain tissues (Table; Figure).

Where intravascular nematodes were ob-
served, we extracted genomic DNA from paraffin-
embedded tissue sections using QIAamp DNA
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Table. Histopathologic findings of Angiostrongylus cantonensis nematode infection and molecular confirmation in brown rats (Rattus

norvegicus), Atlanta, Georgia, USA, 2019-2022*
Case submission

ID, age class/sex date

Histopathologic findings GenBank accession no.

Case 1, adult/M 2019 Feb 19 Brain: hemorrhagic and lymphohistiocytic 0Q793715
meningoencephalitis with intralesional nematodiasis
(adult nematodes, presumptive Angiostrongylus spp.)
Case 2, adult/F 2021 Feb 12 Lung: severe multifocal chronic nodular nematodiasis 0Q793716
(adult nematodes and larvated ova, presumptive

Angiostrongylus spp.)
Case 3, juvenile/ 2021 Jan 20 Heart: intravascular (i.e., cardiac chamber, pulmonary NA
unknown artery) nematodiasis
Case 4, Age 2021 Aug 24 Lung: pulmonary arterial nematodiasis; pulmonary NA
unknown/unknown hemorrhage and edema
Case 5, 2022 Apr 25 Heart and pulmonary artery: cardiac nematodiasis with NA
adult/'unknown endothelial pulmonary aortic subendothelial myxomatous

change
Lung: nematode cross section with similar characteristics
to heart nematodes
Case 6, 2022 Aug 09 Heart and pulmonary artery: intraventricular and intra- 0Q793717
adult/unknown arterial nematodiasis
Lung: moderate intraluminal, peritracheal, and

pulmonary hemorrhage

Case 7, adult/M 2022 Oct 18 Lung: eosinophilic pulmonary arteritis with degenerate 0Q793718

intraluminal nematodes

*Pre- or postmortem predation of some rats might have occurred before rats were found. Thus, representative samples of all organs might not have
been available for evaluation and in some cases, sex or age class could not be determined. ID, identification; NA, not available.

FFPE Tissue Kit (QIAGEN, https://www.qiagen.
com) according to manufacturer recommendations.
PCR reactions targeted a 200-bp segment of the
mitochondrial cytochrome oxidase subunit 1 gene
(cox1). We performed a 25 pL reaction containing
0.25 umol each of primers CO1ACF7 (5'-TGCCT-
GCTTTTGGGATTGTTAGAC-3') and CO1ACR7
(5'-TCACTCCCGTAGGAACCGCA-3'), 1x GoTaq

Green Master Mix (Promega Corporation, https://
www.promega.com), and 2.5 pL of DNA template
(8). Cycling procedure involved initial denatur-
ation at 95°C for 2 min, then 40 cycles at 95°C for
30 s, 50°C for 30 s, 72°C for 90 s, and a final ex-
tension at 72°C for 5 min. We used nuclease-free
water as a negative control and DNA of Dirofilar-
ia immitis as a positive control. We purified PCR

Figure. Brain and lung tissue samples showing Angiostrongylus cantonensis infection in brown rats (Rattus norvegicus), Atlanta,
Georgia, USA, 2019-2022. A) Representative tissue section from the brain, stained with hematoxylin and eosin. The meninges and
ventricles are multifocally and moderately expanded by abundant hemorrhage. Within the meninges and ventricles, occasional cross
sections through nematodes can be seen. Nematodes were ~250-300 pum in diameter with a thin eosinophilic cuticle, pseudocoelom,
polymyarian coelomyarian musculature, lateral chords, and multinucleated intestine. Original magnification x200 um. B) Representative
tissue section from the lung stained with hematoxylin and eosin. A large pulmonary artery contains fragments of a degenerative
nematode characterized by a thin eosinophilic cuticle, pseudocoelomic space, and polymyarian coelomyarian musculature. The
subtending arterial wall was sometimes necrotic and variably infiltrated by eosinophils, lymphocytes, and macrophages. The vessel also
displays hypertrophy of the tunica media and occasional hypertrophy of the endothelial cells. Original magnification x100 um.
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products using the EZNA Cycle Pure Kit (OMEGA
Bio-Tek, https://www.omegabiotek.com) accord-
ing to manufacturer instructions. We aligned and
compared generated sequences with homologous
A. cantonensis sequences available in GenBank. We
determined genetic distances and performed phy-
logenetic analysis using MEGA X 10.1 (9) (Table).

Our molecular analysis confirmed the identity
of A. cantonensis in 4/7 samples that had nema-
todes visible on histologic examination of heart,
pulmonary artery, and brain tissues (Table). All 4
sequences were 100% identical to each other and
to A. cantonensis sequences belonging to haplotype
17a, previously reported from Louisiana, USA.
Among homologous sequences available in Gen-
Bank from A. cantonensis isolates from the United
States, those belonging to haplotype 17b (Louisiana
and California) were 99.5% similar, haplotype 8b
(Louisiana) 98.9% similar, and haplotype 5a (Ha-
waii) 98.9% similar to those in haplotype 17a. Over-
all, compared with other A. cantonensis haplotypes
included in the phylogenetic analysis, similarity
of sequences ranged from 93.1%-99.5%, cluster-
ing in a clade with 86% bootstrap support (Appen-
dix, https//wwwnc.cdc.gov/EID/article/29/10/
23-0706-Appl.pdf).

Conclusions

Discovery of autochthonous cases of A. cantonensis
infection in definitive host rodents collected dur-
ing 2019-2022 in the state of Georgia suggests that
this zoonotic parasite was introduced to and has be-
come established in a new area of the southeastern
United States. Although we molecularly confirmed
diagnosis in only 4/7 cases, the remaining rats had
intravascular nematodes morphologically consistent
with A. cantonensis and typical associated lesions.
We could not molecularly confirm the remaining
3 cases because of insufficient sample quality and
DNA degradation; thus, we could not rule out the
presence of other nematode species.

Because A. cantonensis lungworm previously
was identified in rats in neighboring states Florida
and Alabama, A. cantonensis populations likely were
in Georgia much earlier than 2019, when the first
positive rat was identified in Atlanta. Furthermore,
6 suspected autochthonous human angiostrongyli-
asis cases were detected during 2011-2017 in Texas,
Tennessee, and Alabama (10). Among captive wild-
life, A. cantonensis lungworm has been reported in
nonhuman primates in Florida (11), Louisiana (7,12),
Texas (4), and Alabama (13), and a red kangaroo in
Mississippi  (14). Among free-ranging wildlife
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native to the southeastern United States, A. canto-
nensis infections have been identified in armadillos
and an opossum (15).

Various native and exotic gastropod species
have been shown, both naturally and experimen-
tally, to be susceptible intermediate hosts (3,5,11).
Although details of A. cantonensis invasion and
spread are not fully known, identification of in-
troduced gastropods as intermediate hosts (11)
and Cuban tree frogs as paratenic hosts (6) in the
southern United States suggest anthropogenic
disturbance and climate-induced change in lo-
cal food webs might be amplifying A. cantonensis
transmission. Clearly, A. cantonensis lungworm
in urban rat populations, gastropod intermediate
hosts, and other paratenic hosts in the populous
greater Atlanta area pose a possible threat to the
health of humans and domestic, free-ranging, and
captive animals.

Understanding patterns of historic, contempo-
rary, and future expansion of the range of A. can-
tonensis lungworm in North America through sur-
veillance, genetic analysis, and modeling is critical
to mitigating risk to humans and other animals for
infection by this parasitic nematode, which harbors
in synanthropic wild rodent and intermediate host
populations. Medical and veterinary professionals
throughout the southern United States should con-
sider A. cantonensis infection in differential diagno-
ses of aberrant central nervous system larva migrans,
eosinophilic meningitis, and meningoencephalitis.
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Table. Histopathologic findings of Angiostrongylus cantonensis nematode infection and molecular confirmation in brown rats (Rattus

norvegicus), Atlanta, Georgia, USA, 2019-2022*
Case submission

ID, age class/sex date

Histopathologic findings GenBank accession no.

Case 1, adult/M 2019 Feb 19 Brain: hemorrhagic and lymphohistiocytic 0Q793715
meningoencephalitis with intralesional nematodiasis
(adult nematodes, presumptive Angiostrongylus spp.)
Case 2, adult/F 2021 Feb 12 Lung: severe multifocal chronic nodular nematodiasis 0Q793716
(adult nematodes and larvated ova, presumptive

Angiostrongylus spp.)
Case 3, juvenile/ 2021 Jan 20 Heart: intravascular (i.e., cardiac chamber, pulmonary NA
unknown artery) nematodiasis
Case 4, Age 2021 Aug 24 Lung: pulmonary arterial nematodiasis; pulmonary NA
unknown/unknown hemorrhage and edema
Case 5, 2022 Apr 25 Heart and pulmonary artery: cardiac nematodiasis with NA
adult/'unknown endothelial pulmonary aortic subendothelial myxomatous

change
Lung: nematode cross section with similar characteristics
to heart nematodes
Case 6, 2022 Aug 09 Heart and pulmonary artery: intraventricular and intra- 0Q793717
adult/'unknown arterial nematodiasis
Lung: moderate intraluminal, peritracheal, and

pulmonary hemorrhage

Case 7, adult/M 2022 Oct 18 Lung: eosinophilic pulmonary arteritis with degenerate 0Q793718

intraluminal nematodes

*Pre- or postmortem predation of some rats might have occurred before rats were found. Thus, representative samples of all organs might not have
been available for evaluation and in some cases, sex or age class could not be determined. ID, identification; NA, not available.

FFPE Tissue Kit (QIAGEN, https://www.qiagen.
com) according to manufacturer recommendations.
PCR reactions targeted a 200-bp segment of the
mitochondrial cytochrome oxidase subunit 1 gene
(cox1). We performed a 25 pL reaction containing
0.25 umol each of primers CO1ACF7 (5'-TGCCT-
GCTTTTGGGATTGTTAGAC-3') and CO1ACR7
(5'-TCACTCCCGTAGGAACCGCA-3'), 1x GoTaq

Green Master Mix (Promega Corporation, https://
www.promega.com), and 2.5 pL of DNA template
(8). Cycling procedure involved initial denatur-
ation at 95°C for 2 min, then 40 cycles at 95°C for
30 s, 50°C for 30 s, 72°C for 90 s, and a final ex-
tension at 72°C for 5 min. We used nuclease-free
water as a negative control and DNA of Dirofilar-
ia immitis as a positive control. We purified PCR

Figure. Brain and lung tissue samples showing Angiostrongylus cantonensis infection in brown rats (Rattus norvegicus), Atlanta,
Georgia, USA, 2019-2022. A) Representative tissue section from the brain, stained with hematoxylin and eosin. The meninges and
ventricles are multifocally and moderately expanded by abundant hemorrhage. Within the meninges and ventricles, occasional cross
sections through nematodes can be seen. Nematodes were ~250-300 pum in diameter with a thin eosinophilic cuticle, pseudocoelom,
polymyarian coelomyarian musculature, lateral chords, and multinucleated intestine. Original magnification x200 um. B) Representative
tissue section from the lung stained with hematoxylin and eosin. A large pulmonary artery contains fragments of a degenerative
nematode characterized by a thin eosinophilic cuticle, pseudocoelomic space, and polymyarian coelomyarian musculature. The
subtending arterial wall was sometimes necrotic and variably infiltrated by eosinophils, lymphocytes, and macrophages. The vessel also
displays hypertrophy of the tunica media and occasional hypertrophy of the endothelial cells. Original magnification x100 um.
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products using the EZNA Cycle Pure Kit (OMEGA
Bio-Tek, https://www.omegabiotek.com) accord-
ing to manufacturer instructions. We aligned and
compared generated sequences with homologous
A. cantonensis sequences available in GenBank. We
determined genetic distances and performed phy-
logenetic analysis using MEGA X 10.1 (9) (Table).

Our molecular analysis confirmed the identity
of A. cantonensis in 4/7 samples that had nema-
todes visible on histologic examination of heart,
pulmonary artery, and brain tissues (Table). All 4
sequences were 100% identical to each other and
to A. cantonensis sequences belonging to haplotype
17a, previously reported from Louisiana, USA.
Among homologous sequences available in Gen-
Bank from A. cantonensis isolates from the United
States, those belonging to haplotype 17b (Louisiana
and California) were 99.5% similar, haplotype 8b
(Louisiana) 98.9% similar, and haplotype 5a (Ha-
waii) 98.9% similar to those in haplotype 17a. Over-
all, compared with other A. cantonensis haplotypes
included in the phylogenetic analysis, similarity
of sequences ranged from 93.1%-99.5%, cluster-
ing in a clade with 86% bootstrap support (Appen-
dix, https//wwwnc.cdc.gov/EID/article/29/10/
23-0706-Appl.pdf).

Conclusions

Discovery of autochthonous cases of A. cantonensis in
definitive host rodents collected during 2019-2022 in
the state of Georgia, suggests that the zoonotic para-
site was introduced to and has become established
in a new area of the southeastern United States.
Although we molecularly confirmed diagnosis in
only 4/7 cases, the remaining rats had intravascu-
lar nematodes morphologically consistent with A.
cantonensis and typical associated lesions. We could
not molecularly confirm the remaining 3 cases be-
cause of insufficient sample quality and DNA deg-
radation; thus, we could not rule out the presence of
other nematode species.

Because A. cantonensis previously was iden-
tified in rats in neighboring states Florida and
Alabama, A. cantonensis populations likely were
in Georgia much earlier than 2019, when the first
positive rat was identified in Atlanta. Furthermore,
6 suspected autochthonous human angiostrongyli-
asis cases were detected during 2011-2017 in Tex-
as, Tennessee, and Alabama (10). Among captive
wildlife, A. cantonensis has been reported in non-
human primates in Florida (11), Louisiana (7,12),
Texas (4), and Alabama (13), and a red kangaroo in
Mississippi  (14). Among free-ranging wildlife
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native to the southeastern United States, A. canto-
nensis infections have been identified in armadillos
and an opossum (15).

Various native and exotic gastropod species
have been shown, both naturally and experimen-
tally, to be susceptible intermediate hosts (3,5,11).
Although details of A. cantonensis invasion and
spread are not fully known, identification of in-
troduced gastropods as intermediate hosts (11)
and Cuban tree frogs as paratenic hosts (6) in the
southern United States suggest anthropogenic dis-
turbance and climate-induced change in local food
webs might be amplifying A. cantonensis transmis-
sion. Clearly, A. cantonensis in urban rat popula-
tions, gastropod intermediate hosts, and other
paratenic hosts in the populous greater-Atlanta
area pose a possible threat to the health of humans
and domestic, free-ranging, and captive animals.

Understanding patterns of historic, contempo-
rary, and future expansion of the range of A. canto-
nensis in North America through surveillance, ge-
netic analysis, and modeling. Understanding those
patterns is critical to mitigate risk to humans and
other animals for infection by the parasitic nema-
tode, which harbors in synanthropic wild rodent
and intermediate host populations. Medical and
veterinary professionals throughout the southern
United States should consider A. cantonensis in
differential diagnoses of aberrant central nervous
system larva migrans, eosinophilic meningitis, and
meningoencephalitis.
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In 2014, the first case of tickborne Bourbon
virus (BRBV) was identified in a man in
Bourbon County, Kansas. Since its initial iden-
tification, at least 5 human cases of BRBV-
associated disease have been confirmed in
the Midwest region of the United States.
Because little is known about BRBV biology
and no specific treatments or vaccines are
available, further studies are needed.
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a microbiologist and associate professor at
Butler University in Indianapolis, Indiana dis-
cusses the emergence and virology of tick-
borne Bourbon virus in the United States.
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We report a case of Bacillus subtilis variant natto bacte-
remia from a gastrointestinal perforation in a patient who
ingested natto. Genotypic methods showed the bacteria
in a blood sample and the ingested natto were the same
strains. Older or immunocompromised patients could be
at risk for bacteremia from ingesting natto.

B acillus subtilis is a gram-positive, rod-shaped,
spore-forming bacterium with low pathogenic-
ity (1). B. subtilis isolated from clinical specimens is
sometimes considered a contaminant (2). However, a
few cases of bacteremia caused by B. subtilis have been
reported in Japan (3-6). We report a case of B. subtilis
variant natto bacteremia and peritonitis caused by in-
gestion of natto, a traditional fermented food in Japan
that is prepared by adding B. subtilis var. natto culture
to soybeans and fermenting them.

A 65-year-old man with metastatic colorectal cancer
was admitted to Oita University Hospital (Oita, Japan)
with fever and perianal pain. Approximately 2 months
before admission, he began chemotherapy with bevaci-
zumab and modified oxaliplatin plus leucovorin plus
5-fluorouracilm (FOLFOX®6). Six days before admission,
on day 4 after the third course of chemotherapy, he ex-
perienced perianal pain. He had a history of diabetes
mellitus and a custom of eating natto.

The patient’s body temperature was 37.6°C,
blood pressure was 132/84 mm Hg, and heart rate
was 70 beats/min. A physical examination revealed
lower abdominal pain. Laboratory tests revealed an
elevated leukocyte count (15,150 cells/pL), elevated
C-reactive protein level (20.2 mg/dL), and elevated
procalcitonin level (0.55 ng/mL). Contrast-enhanced
abdominal computed tomography showed free air
in the perisigmoid colon, an intraabdominal abscess,
and slight ascites. Peritonitis caused by sigmoid colon
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perforation was diagnosed, and a transverse colosto-
my and drainage were performed. After blood and
pus cultures were collected, a course of intravenous
meropenem (0.5 g every 8 h) was initiated.

On day 3, matrix-assisted laser desorption/ion-
ization time-of-flight (MALDI-TOF) mass spectrom-
etry (Bruker Daltonics, https:/ /www.bruker.com) of
the blood culture revealed B. subtilis (MALDI-TOF
score 2.224), and the pus culture revealed polymi-
crobial bacteria, including B. subtilis. We performed
antimicrobial resistance testing on a dry plate (Eiken
Chemical Co., https:/ /www.eiken.co.jp) by using the
broth microdilution method and then analyzed im-
ages by using a Koden IA40MIC-i (Koden, https://
koden.jp). MICs were as follows: cefazolin, <0.25 ng/
mL; cefotiam, 0.5 pg/mL; meropenem, <0.25 pg/mL;
clindamycin, 0.5 pg/mL; levofloxacin <0.25 pg/mL;
minocycline, <0.25 pg/mL; and vancomycin, <0.5
pug/mL. Meropenem was administered for a total of
10 days. On day 36, additional computed tomogra-
phy-guided percutaneous drainage was performed,
and on day 66, the patient was discharged from the
hospital after rehabilitation.

We assessed whether blood and pus culture iso-
lates and the isolate from natto the patient consumed
(brand A) were the same strain, by using pulsed-field
gel electrophoresis (PFGE), as previously described
(7). To verify B. subtilis var. natto, we tested 2 brands
(brands B and C) besides brand A that the patient
reported consuming. PFGE revealed that the isolates
detected from the blood and pus cultures were the
same as the cultures of natto brand A that the patient
consumed. Moreover, those isolates were the same
as isolates from natto brand C (Figure), suggesting
that the blood and pus culture isolates were B. sub-
tilis var. natto.

Other than B. subtilis var. natto, B. subtilis has mul-
tiple other subspecies: B. subtilis subsp. subtilis, B. subti-
lis subsp. spizizenii, B. subtilis subsp. inaquosrum, and B.
subtilis subsp. stercoris. Distinguishing between those
species by 165 rRNA gene sequencing and MALDI-
TOF mass spectrometry can be difficult (8). The most
common known portal of entry for B. subtilis bacteria
is the gastrointestinal tract, but often the site of entry is
unknown, and bacteremia that has a gastrointestinal
tract source is presumed to be related to natto inges-
tion (3-6). However, B. subtilis var. natto was identified
in only 2 prior cases, 1 that analyzed the draft whole-
genome of each B. subtilis strain using next-generation
sequencing (6) and 1 that used the biotin gene and the
biotin requirement test (5). In our case, PFGE analy-
sis revealed that the patient’s isolate was B. subtilis
var. natto that matched the natto brand he consumed.
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Figure. Pulsed-field gel electrophoresis patterns of restricted
chromosomal DNA from Bacillus subtilis variant natto isolated
from a case of bacteremia from gastrointestinal perforation after
natto ingestion, Japan. B. subtilis strains were digested in Sfil
enzyme. Lane M, CHEF DNA size marker (Bio-Rad, https://www.
bio-rad.com) of Saccharomyces cerevisiae; lane 1, sample from
blood; lane 2, sample from pus; lane 3, sample from natto brand
A; lane 4, sample from natto brand B; lane 5, sample from natto
brand C. Numbers at left indicate kilobases.

Although B. subtilis bacteremia has been reported only
in Japan thus far, the popularity of Japanese cuisine is
increasing worldwide (9). Therefore, clinicians outside
Japan should also be aware of B. subtilis bacteremia
caused by natto consumption.

PFGE analysis revealed that the natto of brands
A and B contained different bacterial strains. Many
brands of natto are sold in Japan. Each brand uses
different soybean cultivars, processing conditions
(soaking, steaming, and fermentation), and B. sub-
tilis var. natto strains (10). Therefore, a history of
natto consumption alone might not be associated
with the cause of B. subtilis bacteremia because eat-
ing natto is not uncommon among the population
of Japan.

In conclusion, we report a case of B. subtilis bac-
teremia and secondary peritonitis resulting from gas-
trointestinal perforation in a patient who ingested
natto. Our case and others in the literature indicate
that older or immunocompromised patients who con-
sume natto are at risk for serious infection from natto
(4,6). Clinicians should advise patients in these risk
groups to avoid eating natto or food products con-
taining B. subtilis bacteria.
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We detected Borrelia bavariensis in Ixodes ricinus ticks
collected near 2 towns in the United Kingdom. Human
B. bavariensis infections have not been reported previ-
ously in the country, underscoring the value of tick sur-
veillance to warn of emerging human disease. B. bavar-
iensis should be considered in patients with suspected
neuroborreliosis.

orrelia bavariensis is one of several genospecies

within the B. burgdorferi sensu lato complex to
be associated with Lyme disease (1). B. bavariensis
is widely distributed across Europe and Asia (1),
although surveys of questing ticks in Europe in-
dicate that B. bavariensis occurs at markedly lower
prevalences than do other members of the B. burg-
dorferi s.l. complex (2). Of note, B. bavariensis ap-
pears to be overrepresented among B. burgdorferi
s.l. clinical isolates in Europe (3), which has led to
suggestions that it is more virulent than other mem-
bers of the complex. Its potential enhanced patho-
genicity, coupled with its specific association with
neuroborreliosis (3), a profound manifestation of
Lyme disease, has made B. bavariensis of particular
medical concern.

During May-August 2022, we conducted quest-
ing tick surveys at 130 sites in and around 13 towns
in the United Kingdom (Figure). We surveyed 10 sites
around each town by conducting 15 blanket drag
transects, 10 m x 1 m, per site. We identified all ticks
collected morphologically as Ixodes ricinus, extracted
DNA from each nymph and then incorporated each
DNA extract separately as template in a real-time PCR
to detect the presence of B. burgdorferi s.1. DNA (4).
We processed 1 blank sample with every 5 nymphs to
test for cross-contamination between samples; none
of these blanks yielded a PCR product. In total, we
found 91/1,311 nymphs (6.7%) to be infected with
B. burgdorferi s.1. (Table). The positive samples were
characterized by incorporating the DNA extracts into
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a conventional PCR that targeted the 55/23S rDNA
intergenic spacer region (5); the nucleotide base se-
quences were obtained by Sanger sequencing of both
DNA strands. We used Geneious Prime software
(https:/ /www.geneious.com) to quality-check, col-
late, and analyze the sequence data. Of the 91 in-
fected ticks, we successfully identified genospecies
for 72. We encountered 5 genospecies: B. afzelii, B.
garinii, B. valaisiana, B. burgdorferi sensu stricto, and
B. bavariensis (Table). Given the high 55/23S rDNA
intergenic spacer region sequence similarity between
strains of B. garinii and B. bavariensis, we incorporated
the 4 DNA extracts suspected to be derived from B.

Figure. Relative locations of 13 towns where questing tick
surveys were conducted in the United Kingdom to test for Borrelia
burgdorferi sensu lato. The colors represent presence and
absence of Ixodes ricinus ticks and their Borrelia infection status.
The numbers correspond to the locations listed in the Table.
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Table. Prevalence of Borrelia burgdorferi sensu lato in Ixodes ricinus tick nymphs sampled in 13 towns, United Kingdom*

I. ricinus Borrelia genospecies, no. (%), n = 91
nymphs B. burgdorferi B. B. burgdorferi Not
Location collected s.l., no. (%) B. afzelii bavariensis S.S. B. garinii  valaisiana identified
1 Burnley 0 0 0 0 0 0 0 0
2 Cannock 0 0 0 0 0 0 0 0
196 10 (5.1) 4 (40) 3(30.0) 0 0 2 (20.0) 1(10.0)
2 0 0 0 0 0 0 0
5 Halifax 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0
472 47 (10.0) 18 (38.3) 0 14 (29.8) 5(10.6) 1(2.1) 9(19.1)
7 0 0 0 0 0 0 0
59 1(1.7) 0 1(100.0) 0 0 0 0
1 0 0 0 0 0 0 0
369 24 (6.5) 9 (37.5) 0 1(4.2) 4 (16.7) 2(8.3) 8 (33.3)
206 9(4.4) 1(11.1) 0 0 5 (55.6) 2(22.2) 1(11.1)
13 Wrexham 0 0 0 0 0 0 0 0
Total (%) 1,352 91 (6.7) 32 (35.1) 4(4.4) 15 (16.5) 14 (15.4) 7(7.7) 19 (20.9)

*Colors correspond to those used in the Figure. Prevalences for genospecies are in relation to the total infected ticks found in each town.

bavariensis into a seminested PCR targeting an ospA
fragment (6) and sequenced products of this reac-
tion as described above. All 4 yielded unambiguous
sequence data that were indistinguishable from one
another. This sequence was identical to a 734bp ospA
fragment of PBi, the type strain of B. bavariensis and
<95% similar to ospA of representatives of other Bor-
relia genospecies (Genbank accession no. for the ospA
sequence we obtained is OR208793).

Our findings confirm the presence of B. bavarien-
sis in questing I. ricinus nymphs in the United King-
dom. B. bavariensis-infected ticks were encountered at
2/130 sites surveyed, 1 near Kings Lynn and 1 near
Carlisle, /325 km apart, which suggested a broad dis-
tribution. Encountering B. bavariensis is not entirely
unexpected, given the pathogen’s wide distribution
in temperate regions of the northern hemisphere and
its adaptation to woodland rodents and hedgehogs
(7), all of which are common across the United King-
dom. That earlier surveys in the United Kingdom
have not encountered the species may reflect its rela-
tively low prevalence in ticks and the patchiness of
its distribution reported in continental Europe (2). In
addition, methods used for delineating Borrelia geno-
species may have lacked sensitivity. A previous study
highlighted problems differentiating between B. ba-
variensis and B. garinii based on comparative analysis
of 55-23S rRNA intergenic spacer region sequences;
that approach is perhaps the most widely adopted
across Europe and beyond (8).

Given the low number of B. bavariensis ticks en-
countered in the United Kingdom so far, drawing ro-
bust conclusions about the ecology of the genospecies
is premature. Of interest, at the Carlisle site where we
encountered B. bavariensis, 6/82 ticks tested from that
site were infected with B. burgdorferis.l. and 3 (50%) of
those infected ticks carried B. bavariensis. B. bavariensis
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was not encountered in 113 ticks tested from the 3
other sites around Carlisle at which ticks were found.
Those observations suggest that, even on a local scale,
the occurrence of B. bavariensis is patchy, but enzootic
hot spots may exist.

B. bavariensis is an addition to the list of zoonotic
pathogens including Anaplasma phagocytophilum, B. mi-
yamotoi, Rickettsia helvetica, and Spiroplasma ixodetis that
are known to exist in UK ticks (9) but have yet to be re-
ported in confirmed autochthonous cases in patients in
the country. The recent confirmation of locally acquired
encephalitis caused by tick-borne encephalitis virus (10)
exemplifies the value of tick surveillance as an early
warning of emerging human infections. Medical prac-
titioners managing patients with suspected neurobor-
reliosis in the United Kingdom should now consider B.
bavariensis as a potential infecting pathogen.
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In 2021, an outbreak of food poisoning caused by Clos-
tridium botulinum type C occurred in Kumamoto, Japan.
Analysis of the isolated strain revealed that it possessed
the bont/C gene and was slightly different from the refer-
ence bont/C gene. The risk for human infection with this
new toxin type may be low.

otulism is a neuroparalytic disease caused by

the botulinum toxin, which is produced by Clos-
tridium botulinum. C. botulinum is physiologically di-
vided into groups I-1V, and botulinum neurotoxins
(BoNT) are classified into 7 types, BONT/A-G. Hu-
man botulism is caused primarily by toxin types A, B,
and E, and cases of human infection with C. botulinum
group III, which produces toxin types C and D, are
rare. Only 5 foodborne botulism outbreaks caused by
C. botulinum group III (4 outbreaks caused by type C
and 1 outbreak caused by type D) have been reported
to date (1), and in Japan, only 1 infant botulism case
caused by type C has been reported (2). C. botulinum
group lII is primarily known as an animal infection,
and many of its toxin types have been reported as mo-
saic types (primarily in birds with toxin type CD and
cattle with toxin type DC).

In 2021, foodborne botulism occurred in Ku-
mamoto, Japan. A meal eaten in a domestic resi-
dence was the assumed cause, and 4 patients were
affected. Botulinum toxin and C. botulinum were
detected in 3 of the 4 specimens. A commercially
prepared chicken dish was suspected to be the
cause, but because no food was remaining, we were
unable to conduct tests on it. We neutralized the
toxin present in the specimens with type C botuli-
num antitoxin serum, and the isolated strain was
found to carry the bont/C gene using PCR target-
ing the bont genes (3). Next-generation sequencing
data revealed full-length coding regions of the bont
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Figure. Schematic diagrams

of each functional domain
between BoNT (C, CD, DC,

D, and LC759602) in study of
novel type C botulism strain in
household outbreak, Japan.
Gray shaded areas indicate the
partial sequence of the reference
bont/D gene, white areas
indicate the partial sequence of
the cont/C gene, and black areas
indicate the partial sequence

of the reference bont/DC gene.
BoNT, botulism neurotoxin.

gene of the isolated strains (GenBank accession no.
LC759602). The next-generation sequencing meth-
od was as follows: after treating C. botulinum with
20 mg/mL lysozyme in 20 mM Tris-HCl, 2 mM
EDTA, and 1% Triton X-100 (pH 8.0), we extracted
DNA using a QlAamp DNA Mini Kit (QIAGEN,
https:/ /www.qiagen.com). We prepared genome-
sequencing libraries using the QIAseq FX DNA Li-
brary Kit (QIAGEN) and sequenced the samples on
the Illumina iSeq 100 (https:/ /www.illumina.com).
We analyzed sequencing data using CLC Genom-
ics Workbench 22.0.2 (QIAGEN). The obtained con-
tig was assembled from reads of 59x coverage and
29 kbp in size. In comparison with other known
bont genes, the bont gene of the strain sequenced
in this study had the highest amino acid sequence
similarity with the bont/C gene (90%) but was par-
tially different from the reference bont/C gene (Ta-
ble). Detailed analysis revealed that the bont gene
(LC759602) had the bont/C gene or the bont/CD
gene in the protease domain (LC) and the translo-
cation domain (H,), as well as the bont/DC gene in
the receptor-binding domain (H_.) (Table; Figure).
The bont gene (LC759602) has not been previously

reported, and we propose its designation as a new
subtype of C. botulinum toxin.

The H. domain is involved in neurotoxin bind-
ing to specific receptors in peripheral nerve termi-
nals. The bont gene (LC759602) possesses the bont/
DC gene in the H. domain, suggesting that human
susceptibility to this gene might differ from that of
the reference BoONT/C toxin. Unlike other BoNTs,
BoNT/C interacts only with gangliosides, and no
protein receptor for this toxin has been identified
(4). However, BoONT/DC has been reported to in-
teract with gangliosides and protein receptors (syn-
aptotagmin I and II) (5).

The bont gene (LC759602) was determined to be
BoNT/C using PCR, which can easily distinguish be-
tween types C, D, CD, and DC of C. botulinum group
III (6). It should be noted that, because not all type
C strains were subjected to sequencing, the presence
of the bont gene (LC759602) as type C, as determined
by typing PCR, might already exist in other samples.
Further investigation is needed to determine the pro-
portion of C. botulinum carrying the bont gene report-
ed in this study. The risk for human infection with
this new toxin type should also be investigated in

Table. Amino acid percentage similarity between BoNTs (C, CD, DC, D, and LC759602) in study of novel type C botulism strain in

household outbreak, Japan*

LC759602
BoONT serotype (accession no.) BoNT gene Protease domain Translocation domain Receptor-binding domain
BoNT/C(BAA14235) 89.79 97.73 93.57 78.01
BoNT/CD(BAA08418) 79.31 97.73 98.33 40.55
BoNT/DC(ABP48747) 72.87 48.05 74.45 98.57
BoNT/D(EES90380) 56.48 47.83 73.72 47.74

*BoNT, botulism neurotoxin.
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future research. However, given that human infec-
tions with a similar toxin type, C. botulinum group 111,
have rarely occurred, this new toxin type might pose
little threat to human health.
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A 55-year-old man sought treatment for an uncomplicat-
ed febrile illness after returning to Canada from the Phil-
ippines. A suspected diagnosis of Plasmodium knowlesi
infection was confirmed by PCR, and treatment with
atovaquone/proguanil brought successful recovery. We
review the evolving epidemiology of P. knowlesi malaria
in the Philippines, specifically within Palawan Island.

In February 2023, a 55-year-old man sought care at
the emergency department of Vancouver General
Hospital, Vancouver, British Columbia, Canada, for
daily fevers, headache, and abdominal pain 5 days
after returning from a 3-week trip to the Philip-
pines. He stayed mostly in Manila but spent 4 days
on Palawan Island in the western Philippines 4 days
before his return to Canada; he had not taken ma-
laria chemoprophylaxis. Bloodwork was notable for
platelet nadir of 48 x 10°/L (reference range 150-450
x 10°/L), alanine transaminase of 329 U/L (refer-
ence range 10-55 U/L), and alkaline phosphatase
of 177 U/L (reference range 30-135 U/L). Results of
abdominal computed tomography were unremark-
able and of a single-target Plasmodium falciparum
histidine-rich protein 2 rapid diagnostic test were
negative. Peripheral blood thin smear demonstrat-
ed variable intraerythrocytic parasite morphology,
including band-like forms suggestive of P. malariae
(<0.1% parasitemia) (Figure, panels A-C). Loop-
mediated isothermal amplification testing was
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Figure. Peripheral thick and thin blood smears of a man in British
Columbia, Canada, with suspected Plasmodium knowlesi infection
after travel to the Phillippines. A) Thick smear showing P. knowlesi
gametocyte.. B) Thin smear showing band form within a normal-
sized, fimbriated erythrocyte with vacuoles present, similar to P.
malariae. C) Thin smear showing P. knowlesi schizont form with
presence of greenish-black pigment and lack of rosette formation.
Original magnification x100 for all smears.

positive for Plasmodium spp. Given absence of criteria for
severe malaria, he was discharged with a 3-day course
of atovaquone/ proguanil (250 mg/100 mg, 4x/d).

We suspected a diagnosis of P. knowlesi, given
the patient’s travel history and blood smear morphol-
ogy, and subsequently confirmed the infection via
species-specific laboratory-developed PCR. Ampli-
con sequencing on a 118-bp sequence also confirmed
P. knowlesi identification. The patient was afebrile at
follow-up 4 days after drug therapy, with resolution
of thrombocytopenia and symptoms.

P. knowlesi malaria cases within the Philippines
have been concentrated in Cebu Province and, as in
this case, Palawan Island (Appendix Figure, http://
wwwnc.cdc.gov/EID/article/29/10/23-0809-
Appl.pdf) (1-4). Although P. knowlesi is primarily
a simian malaria infecting nonhuman primate hosts,
there has been clear transmission evidence across
Southeast Asia since the large 2004 Malaysian out-
break in Sabah (5).

Palawan Island contains a diverse landscape of
beaches, karst, and mangrove forests, including its
well-known Puerto Princesa Subterranean River Na-
tional Park. The island provides an ideal feeding and
breeding ground for ~500 long-tailed macaques (Ma-
caca fascicularis), the only monkey species naturally
found in the Philippines and natural host reservoirs
for P. knowlesi (6). Given the close proximity of the
island’s diverse habitats to human settlements and
recreation areas, constant contact occurs between
forest mosquito vectors, macaque hosts, and, po-
tentially, human hosts (6). The first 5 confirmed lo-
cal cases within Palawan were documented in 2005
(1); since 2008, only 2 P. knowlesi malaria cases have
been documented in North America, both in travel-
ers with implicated exposure from Palawan (Table)
(2,7). According to the Philippines Research Insti-
tute of Tropical Medicine, >30 P. knowlesi cases have
been documented, <5 in tourists traveling to Palawan
(Philippines Research Institute of Tropical Medicine,
pers. comm., email, 2023 Mar 1). However, the true
burden is likely underestimated, given the lack of
routine molecular testing for species confirmation in
the Philippines. Because early ring-form trophozoites
of P. knowlesi can resemble P. falciparum and devel-
oping band-like trophozoites can resemble P. malariae

Table. Summary of published Plasmodium knowlesi cases in North America imported from the Philippines*

Patient Patient Geographic location Region of
age, y sex Year presented Philippines traveled Diagnosis Treatment
50 F 2008 (2) New York, NY, USA Palawan PCR failed to identify species; Atovaquone/
confirmed by 1,055-bp PCR proguanil and
product sequencing primaquine
NA NA 2018 (7) NA NA PCR Atovaquone/
proguanil
55 M 2023 (this Vancouver, British Palawan PCR; confirmed by 118-bp Atovaquone/
case) Columbia, Canada PCR sequencing proguanil

*NA, not available.
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(1), molecular species confirmation is a highlighted
need in areas at risk for P. knowlesi.

The 24-hour P. knowlesi erythrocytic cycle is short-
est among Plasmodium spp., which may contribute to
rapid development of high parasitemia (5), although
this case showed ultra-low parasitemia. The World
Health Organization (WHO) recommends that uncom-
plicated P. knowlesi malaria infections acquired in P.
vivax chloroquine-susceptible regions be treated with
an oral artemisinin-combination therapy or chloro-
quine; cases acquired in P. vivax chloroquine-resistant
regions should be treated with locally available arte-
misinin-combination therapy (8). Despite limited data
regarding antimalarial resistance among P. knowlesi
parasites, this strategy ensures adequate treatment of
undiagnosed mixed infections and simplification of
uncomplicated malaria treatment. Intravenous artesu-
nate remains first-line treatment for severe P. knowlesi
malaria. As in this case, atovaquone/proguanil is also
considered reasonable empiric treatment.

The Philippines successfully established 0 indig-
enous cases of malaria across 78 of 81 provinces in
2019; =97% of indigenous cases were P. falciparum or
P. vivax. Recent serologic work showed that 1.1% of
personsin Palawan tested positive for P. knowlesi-spe-
cific PkSERA3ag1 antibody (9). Current control strat-
egies for human-species malaria (e.g., insecticide-
treated nets, indoor spraying) have limited impact on
monkey reservoirs and on forest-dwelling P. knowlesi
vectors, given limited evidence of indoor biting (9,10).
Palawan and Sabah surveillance data identified that
most biting by Anopheles balabacensis mosquitoes oc-
curred during 6-10 Pm, when many rural residents are
still outdoors. Although Palawan reports more spo-
radic cases than does Malaysia, increased encroach-
ment into deforested areas and close proximity (<100
km) to endemic Sabah raises concern of P. knowlesi be-
coming a predominant species in future years. Ongo-
ing investigations into mosquito behavior implicated
with cross-species transmission will help inform ap-
propriate control strategies for P. knowlesi and other
simian species (9).

In summary, P. knowlesi malaria should be con-
sidered in persons with febrile illness who have trav-
eled to the Philippines (especially Cebu Province and
Palawan Island). Because of overlapping microscopy
features with P. falciparum and P. malariae, molecu-
lar confirmation is required to enable early diagnosis
and appropriate treatment. Despite gains in control
of P. falciparum and P. vivax infection in Southeast
Asia, the zoonotic nature of P. knowlesi and rise in
cases highlight the need for tailored prevention and
control strategies.
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We performed phylogenetic analysis on dengue virus
serotype 2 Cosmopolitan genotype in Ho Chi Minh City,
Vietnam. We document virus emergence, probable
routes of introduction, and timeline of events. Our find-
ings highlight the need for continuous, systematic ge-
nomic surveillance to manage outbreaks and forecast
future epidemics.

engue virus (DENV) represents a major public

health concern globally and in Vietnam, where an
estimated 1.6 million cases occur each year (1). Clini-
cal manifestations range from fever to severe organ
dysfunction (2). DENV includes 4 distinct serotypes
(DENV 1-4), which have evolved into distinguishable
genotypes; all are transmitted primarily by Aedes ae-
gypti mosquitoes (3). DENV is endemic in both urban
and peri-urban areas of Vietnam with substantial sea-
sonal temporal and spatial variation. Although all 4
DENYV serotypes have circulated in Vietnam, DENV-
1 and DENV-2 have been most prevalent over the
past 20 years.

In 2022, Ho Chi Minh City, Vietnam, experienced
a 3-fold increase in reported DENV cases compared
with 2020 and 5-fold compared with 2021 (4,5). Pos-
sible drivers of transmission include climate fac-
tors because optimal temperatures and humidity
increase vector abundance (6), reduced population
immunity because of lower rates of transmission in
previous years (6), and possible introduction of new
serotypes or genotypes or diversification of circulat-
ing lineages (7). Scarcity of available data on DENV

"These authors contributed equally to the article.
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circulation by lineage in Vietnam limits testing those
hypotheses. Our study explored the DENV lineag-
es circulating in Ho Chi Minh City over the past 5
years, aiming to provide a detailed assessment of
DENYV dynamics in Vietnam.

We randomly selected 362 samples from den-
gue patients enrolled in research studies (reviewed
by the ethics committee and approved by the in-
ternal review board of the hospital) at the Hospital
for Tropical Diseases in Ho Chi Minh City during
2017-2022. Of those patients, 303 (83.7%) tested
positive for dengue using quantitative reverse tran-
scription PCR. DENV-2 was predominant (72.3%);
DENV-1 accounted for 23.1% and DENV-4 for 4.6%
of positive samples. From those samples, we se-
quenced 45 DENV-2 viral envelope (E) genes. We
amplified E genes using PCR, and after PCR prod-
uct purification, we conducted Sanger sequenc-
ing on samples with nucleic acid concentrations
>10 ng/uL. We supplemented the new sequences
with a background dataset of DENV-2 genome and
E-gene sequences from southern and southeast
Asia (Appendix 1, https://wwwnc.cdc.gov/EID/
article/29/10/23-0529-Appl.pdf).

We constructed maximum-likelihood trees for
all DENV-2 genotypes, as well as a time-scaled tree
in which we estimated ancestral node locations and
conducted root-to-tip regression analyses. Our results
showed DENV-2 replaced DENV-1 as the predomi-
nant serotype in 2019, and multiple DENV-2 geno-
types were cocirculating (Appendix 1 Figure 1). Sev-
enteen sequences belonged to Asia I genotype, which
has been established in the region since 2006; another
28 sequences were identified as sporadically detected
Cosmopolitan genotype. Cosmopolitan genotype vi-
rus strain has displayed signs of reemergence, with
indicators of >3 distinct recent introductions of clades
A, B, and C into southern Vietnam (Appendix 1 Fig-
ure 2). Cosmopolitan phylogeny (Figure), construct-
ed similarly to the broader DENV-2 tree, shows most
(27/28) sequences from this region clustered within
these 3 clades; clades A and B share ancestry with se-
quences from Indonesia and clade C shares ancestry
with sequences from Cambodia.

The clades were detected across several prov-
inces in southern Vietnam, including all 3 clades in
Ho Chi Minh City. Clade A circulated in provinces
north and east of Ho Chi Minh City; clades B and C
were found in provinces north and west of the city
(Appendix 1 Figure 3). Estimated time to the most
recent common ancestor suggests that clade A has
been in circulation the longest, followed by clades B
and C (Appendix 1 Figure 4). These findings indicate
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Figure. Time-scaled maximum-
likelihood phylogenic tree showing
emergence of the Cosmopolitan
genotype of dengue virus serotype
2 in Vietnam. Clades A—C refer to
transmission lineages. HCMC, Ho
Chi Minh City; OUCRU, Oxford
University Clinical Research Unit;
SEA, southeast Asia

continuous introductions of the Cosmopolitan gen-
otype into southern Vietnam over multiple years.
Clades A and C have persisted locally for at least half
a decade, with approximately 2 years between the
earliest most recent common ancestor and the earliest
sampling date, suggesting undetected Cosmopolitan
genotype might have been cryptically transmitted
during multiple dengue seasons.

Dynamics of DENV prevalence and spread with-
in Vietnam might have been influenced by succes-
sive seedings of the Cosmopolitan genotype, thereby
increasing likelihood of establishment and sustained
transmission (8,9). Although the Cosmopolitan gen-
otype has circulated in neighboring countries, likely
since the late 1990s (Appendix 1 Figures 5, 6), it had
not been reported in Vietnam until recently. Mecha-
nisms underlying a specific genotype reemerging af-
ter new introductions and subsequent establishment
warrant further investigation. Large-scale dengue
surveillance in hyperendemic settings like Vietnam
is a formidable challenge because it relies on syn-
dromic surveillance and awareness of heteroge-
neous epidemiologic trends, and limited resources
are available to support viral genomic sequencing
to identify circulating strains. To refine our under-
standing of transmission pathways for specific lin-
eages of DENV, improving surveillance using strat-
egies that reduce sampling bias is critical (10). We
emphasize the importance of continuous, systematic
virus sequencing in urban centers in Vietnam and
across southeast Asia to swiftly identify novel viral
lineages. These strategies, paired with clinical and
socioeconomic data, will support preventive mea-
sures and outbreak forecasting.
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etymologia revisited
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Originally published
in August 2015

Escherichia coli
[esh”a-rik’e-a co’lT]

gram-negative, facultatively anaerobic rod, Escherich-

ia coli was named for Theodor Escherich, a German-
Austrian pediatrician. Escherich isolated a variety of bac-
teria from infant fecal samples by using his own anaerobic
culture methods and Hans Christian Gram’s new stain-
ing technique. Escherich originally named the common
colon bacillus Bacterium coli commune. Castellani and Chalm-
ers proposed the name E. coli in 1919, but it was not officially
recognized until 1958.

1. Oberbauer BA. Theodor Escherich —Leben und Werk. Munich:
Futuramed-Verlag; 1992.

2. Shulman ST, Friedmann HC, Sims RH. Theodor Escherich: the first
pediatric infectious diseases physician? Clin Infect Dis. 2007,;45:1025-9
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Parasites: The Inside Story

Scott L. Gardner, Judy Diamond, Gabor R. Racz;
Princeton University Press, Princeton, New Jersey,
USA, 2022; ISBN-10: 0691206872; ISBN-13: 978-
0691206875; Pages: 224; Price: US $29.95 (hardcover)

Parasites: The Inside Story

shows how parasites co-

existed and spread around

the world through host mi-

gration, particularly through

humans, and researches

their origin and evolution.

The book describes how the

choice of host has affected

the successful survival of

some parasites and avoid-

ance of extinction. The au-

thors show how parasites influence and manipulate
their intermediate host, which makes them more visi-
ble and easier prey for the next host, causing the host to
“look foolish.” The authors use novel and entertaining
approaches to explore their subject, such as describing
how the Israelite Jonah spent 3 days in the belly of a
whale and what parasites he might have encountered
during that 3-day stay.

Another entertaining approach was participa-
tion in the parasite Olympics, where parasites earned
medals according to their success and survival by
choosing and adjusting to their hosts. Ascaris lumbri-
coides is a gold medal winner as one of the most dura-
ble internal parasites of humans. However, the book
overlooked Strongyloides stercoralis, which can cause
hyperinfection syndrome in immunocompromised
hosts and is considered an emerging infectious dis-
ease and deserves an honorary Olympic medal. Ba-
besiosis is another notable emerging parasitic disease
that was overlooked.

I appreciated the novel and appealing way in
which the authors show how parasites affect other
species and human lives, while also incorporating
their nonharmful roles, as in the case of mutualism
and commensalism. I loved the immense and vivid
imagery used to describe the breathtaking basin of
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the Congo River but was saddened that many persons
living along the river might not continue to see that
beautiful scenery because of river blindness caused
by Onchocerca volvulus. The stories, connections to
real persons, and references to at least 3 movies and 1
television series indicate the detailed efforts involved
in writing this book.

The book has a high level of scientific detail as it
dives into history, ecology, evolution, and future out-
looks. The authors discuss how climate change is affect-
ing parasite existence. An example is the migration of
triatomine kissing bugs to the southern half of the Unit-
ed States, which might increase the risk for Trypanosoma
cruzi transmission, causing Chagas disease (to which
the book attributes Charles Darwin’s death, from an
infection he acquired during a trip to South America).
The authors also elaborate on international scientific
collaboration during epidemiologic investigations,
such as the collaboration between researchers from the
United States and Mongolia during a hantavirus infec-
tion outbreak in New Mexico. Readers will learn about
parasite eradication campaigns, some of which did not
turn out well, as was the case for the Schistosoma manso-
ni eradication campaign in Egypt that resulted in popu-
lationwide infections with hepatitis C virus.

The book has 29 color photos, making the stories
only more vibrant, and helps in understanding para-
site life cycles and in making diagnoses. This book
will appeal to readers interested in emerging infec-
tious diseases, nonparasitologists, scientists, and cli-
nicians and is an admirable expedition into the amaz-
ing world of parasites.
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Edvard Munch (1863-1944), Inheritance (detail), 1897-1899. Qil on canvas, 55.5 in x 47.25 in/141 cm x 120 cm. Munch Museum,
Oslo, Norway. Photo credit: Erich Lessing. Digital image from Art Resource, New York, New York, USA.

“Living People Who Breathe and Feel and Suffer and Love”

Byron Breedlove

ince its initial appearance in Europe during the

1400s, syphilis has been a scourge across all levels
of society, and it remains one of the most common
sexually transmitted infections around the world. The
Centers for Disease Control and Prevention (CDC)
reports that after the rate of primary and secondary
syphilis in the United States dipped to historic lows
in 2000 and 2001, the rate has increased almost every
year since then; the annual increase for 2020-2021 was
29%. The World Health Or ganization estimated that,
globally in 2020, approximately 7.1 million adults,
15-49 years of age, acquired syphilis.

Rates of infections with congenital syphilis, which
is syphilis transmitted to a fetus either before or dur-
ing birth from an infected mother, are escalating at
an even faster pace. The CDC reports that, in 2021,
the US national rate of reported congenital syphi-
lis was 78 cases per 100,000 live births, an increase
of 31% from 60 cases per 100,000 live births in 2020.

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: https://10.3201/doi.org/eid2910.AC2910
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The World Health Organization reports: “Congenital
syphilis is the second leading cause of preventable
stillbirth globally, preceded only by malaria.”

A pair of articles from this issue of Emerging In-
fectious Diseases provide more data about those soar-
ing rates. MacKenzie, McEvoy, and Ford document
the resurgence of sexually transmitted and congenital
syphilis across many high-income countries and de-
scribe prevention efforts. Staneva, Hobbs, and Dobbs
report that, in Mississippi, congenital syphilis rates
have exploded in recent years, increasing 1,000%
from 2016 to 2021.

Congenital syphilis can be prevented if a mother
is adequately treated for syphilis at least one month
before delivery. Early detection is also critical because
infants can be treated with penicillin during their first
days of life. If untreated, congenital syphilis may cause
death for neonates or a range of devastating birth de-
fects and neurologic deficits in infected infants. This
month’s cover image, Inheritance, by Norwegian artist
Edvard Munch, bears witness to some of those effects.

Munch completed this painting in the late
1890s after visiting Hopital Saint-Louis, one of three
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hospitals in Paris that accepted patients with syphi-
lis. There, he encountered a grieving young woman
and her infected child. Several years earlier Munch
had written, “No longer shall I paint interiors with
men reading and women knitting. I will paint living
people who breathe and feel and suffer and love.”
In Inheritance, and several other paintings, he made
good on that declaration. The Munch Museum in
Oslo, Norway, where this painting is housed, notes
that Munch used a similar palette of red, green, black,
and white in several paintings, including this one,
that dealt with illness, death, and suffering.

The young mother, herself a victim of syphilis,
sitting alone on a narrow wooden bench in a drab
waiting room, daubs at her lips with a white hand-
kerchief as her left arm dangles limply. Her flushed
face, red from grief and very likely from a syphilitic
rash, contrasts with her dark hat and jacket. Art his-
torian Shelley Wood Cordulack notes, “the bright red
plume on the mother’s hat accentuates the acuteness
of both disease and emotional trauma.” The patterns
in her skirt represent falling leaves, a symbol of death,
which, as Cordulack writes, Munch also incorporated
into a dress his sister is wearing in an 1892 portrait
and again in his 1893 painting Death in the Sickroom.

The unswaddled newborn lying on a shimmer-
ing gossamer blanket that surrounds him like an ec-
toplasmic apparition is sprawled across his mother’s
lap. Munch takes pains to show how the pale, lethar-
gic infant has been ravaged by congenital syphilis.
The child’s torso is covered with red pustules, his thin
arms are folded into triangles, he is jaundiced, and his
blank eyes peer from a malformed head.

Physician Antonio Perciaccante and researcher
Alessia Coralli wrote, “The work shocked society be-
cause Munch had depicted a person with a sexually
transmitted disease, a taboo of that time.” They also
pointed out, “The portrait’s title is very interesting. It's a
reminder that, in the 1890s, syphilis in neonates was as-
sumed to be an hereditary disease.” How syphilis was
transmitted to infants, they add, was a subject of vigor-
ous debate: “the hereditists supported the transmission
by paternal sperm, whereas the contagionists stated
that the infection was propagated by maternal way.”

In 1905, approximately 7 years after Munch fin-
ished Inheritance, a discovery settled that debate. Ger-
man scientists Fritz Schaudinn and Erich Hoffmann
identified the causative organism of syphilis as the bac-
terium Treponema pallidum, and the term “congenital
syphilis” entered the medical lexicon. Breakthroughs
and refinements in diagnostic methods followed, and
in 1943, the year before Munch died, penicillin was
found to be an effective treatment for syphilis.
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By the end of the 20th Century, public health as-
pirations to eliminate syphilis seemed within reach.
CDC’s 1999 National Plan to Eliminate Syphilis from
the United States expresses that optimism: “As we ap-
proach the end of the 20th century, the United States is
faced with a unique opportunity to eliminate syphilis
within its borders. Syphilis is easy to detect and cure,
given adequate access to and utilization of care. Nation-
ally, it is at the lowest rate ever recorded and it is con-
fined to a very limited number of geographic areas.”

Public health funding to support surveillance,
testing, and treatment for sexually transmitted infec-
tions, including syphilis, has not been prioritized or
sustained. Consequently, somber scenes such as the
one Munch immortalized more than 125 years ago
still occur in waiting rooms and clinics across the
United States and parts of the world.
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Article Title

Serotype Distribution and Disease Severity in Adults Hospitalized with
Streptococcus pneumoniae Infection, Bristol and Bath, UK, 2006-2022

CME Questions

1. Which one of the following statements regarding
general trends in cases of pneumococcal disease in
the United Kingdom through 2006-177?

A. PCV7 serotype disease remained stable among
children

B. PCV7 serotype disease remained stable among adults

C. There was an overall increase in non-PCV13
serotypes in all groups

D. The overall incidence of invasive pneumococcal
disease (IPD) among older adults declined
substantially from 2010 to 2016

2. What does the current study demonstrate regarding
trends in hospitalization for pneumococcal disease in
England from 2019 to 20227

A. A marked decrease in pneumococcal cases during
2020 was followed by a gradual increase in cases
during 2022

B. Pneumococcal disease rates remained stable during
the COVID-19 pandemic because testing was more
common

C. The incidence of pneumococcal disease declined
steadily from 2019 to 2022

D. Pneumococcal disease rates increased during 2022,
but remained well below prepandemic levels
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3. Which one of the following statements best
describes trends in the incidence of different
pneumococcal serotypes in the current study?

A. PCV7 serotypes decreased substantially from 2006 to
2022, but PCV13-7 serotypes less so

B. PCV7 and PCV13-7 serotypes both decreased
substantially to a similar degree between 2006 and
2022

C. PCV13-7 serotype incidence decreased from 2006 to
2022, but PCV7 serotypes remained the same

D. Incidence rates of both PCV7 and PCV13-7 serotypes
remained stable between 2006 and 2022

4. What were the most common pneumococcal

serotypes in the current study recorded after the

emergence of SARS-CoV-2?

A. 1,2,3,5,6B,8

B. 18C, 19A, 20, 22F, 23F, 33F

C. 6B, 7F, 9A, 11A, 23F, 33F

D. 3,8, 9N, 19F, 19A, 22F

5. Which one of the following temporal trends was
noted in the clinical outcomes of pneumococcal
infection over time in the current study?

The age of patients admitted with IPD declined over time
Disease severity of IPD declined over time

ICU admissions declined steadily over time

Inpatient mortality increased over time
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Article Title
Spike in Congenital Syphilis, Mississippi, USA, 2016—2022

CME Questions

1. According to the results of the current study, which 3. Which one of the following variables was most
one of the following was characteristic of infants with significantly associated with a higher risk for CS in the
congenital syphilis (CS) hospitalized between 2016 current study?

and 2022 in Mississippi? A. Maternal substance use

A. About half were receiving Medicaid B. Having Medicaid insurance
B. About one third were African American C. Being African American
C. About three quarters came from urban counties D. Living in an urban county
D. More than 90% received their diagnosis at ) o
hospita”zation for de”very 4. All of the fO”OWlng clinical outcomes were
significantly associated with CS in the current
2. What was the rate of increase for infants study EXCEPT:
hospitalized with CS from 2016 to 2022 in the A.  Stillbirth
current study? B. Premature delivery
A. 25% C. Respiratory distress
B. 100% D. Low birth weight
C. 200%
D. 1000%
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